
PATENT 

Docket No.: 19603/2986 (CRF D-1940B) 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Qiu et al. 

09/766,348 J 
7683 

January 19, 2001 

HYPERSENSITIVE RESPONSE INDUCED 
RESISTANCE IN PLANTS BY SEED 
TREATMENT 



Examiner: 
A. Kubelik 

Art Unit: 
1638 



DECLARATION OF ZHONG-MIN WEI UNDER 37 C.F.R. § L132 



I, ZHONG-MIN WEI, pursuant of 37 C.F.R. § 1.132, declare: 

1 . I received a B.S. degree in Biology from Zhejiang University, 
Zhejiang, China in 1982, an M.S. degree in Plant Pathology from Nanjing Agricultural 
University, Nanjing, China in 1984, and a Ph.D. degree in Molecular Biology from Nanjing 
Agricultural University and Academy of Science, Shanghai, China in 1987. 

2. I am currently employed as Chief Scientific Officer and Vice 
President of Research and Development at EDEN Bioscience Corporation in Bothell, 
Washington. 

3. I am an inventor of the above-identified application. 

4. I am presenting this declaration to show that hypersensitive response 
elicitors from a diverse range of plant pathogenic bacteria (1) are an art-recognized class of 
proteins where results achieved with one such protein would be expected when other proteins 
in this class are used and (2) share the unique ability to cause distinct plant responses. 
Specifically, treatment of a variety of plants and plant seeds with hypersensitive response 
elicitors was shown to induce plant disease resistance as compared with plants and plant 
seeds not treated with a hypersensitive response elicitor; and transgenic expression of 
hypersensitive response elicitors in transgenic plants was shown to induce plant disease 
resistance as compared to null transfected plants or wild-type plants. 
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5. In plants, the hypersensitive response phenomenon results from an 
incompatible interaction between plant pathogens and non-host plants. As explained in 
Gopalan et al. 5 "Bacterial Genes Involved in the Elicitation of Hypersensitive Response and 
Pathogenesis " Plant Disease 80: 604-10 (1996) ("Gopalan") (attached hereto as Exhibit 1), 
these types of interactions involve, for example, a bacterial plant pathogen attempting to 
infect a host plant, and the host plant preventing proliferation of the pathogen by the collapse 
and death, or necrosis, of plant leaf cells at the site of infection. This is distinct from a 
compatible interaction between a bacterial plant pathogen and a host plant in which the 
bacteria is capable of proliferation, resulting in the spread of the pathogen throughout the 
plant and the manifestation of disease symptoms. Id. at 604. 

6. Hypersensitive response elicitors within a given genus are often 
homologous to elicitors from different pathogenic species and strains of the same genus. For 
example, homologs of hypersensitive response elicitors from Erwinia amylovora and 
Pseudomonas syringae have been identified in different bacteria species and strains from the 
genera Erwinia and Pseudomonas, respectively. See Gopalan. 

7. In addition, numerous reported studies confirm that a gene encoding a 

hypersensitive response elicitor from a particular source genus can be used to isolate a 

corresponding hypersensitive response elicitor gene from different species and strains of that 

same genus. For example, in Bauer et al., "Erwinia chrysanthemi Harping An Elicitor of 

the Hypersensitive Response that Contributes to Soft-Rot Pathogenesis," MPMI 8(4): 484-91 

(1995) ("Bauer") (attached hereto as Exhibit 2), the Erwinia amylovora hypersensitive 

response elicitor encoding gene was used as a probe to isolate, clone, and sequence the gene 

encoding the Erwinia chrysanthemi hypersensitive response elicitor, as follows: 

The cosmids were probed in colony blots with a 1 .3-kb Hindlll 
fragment from pCPP1084, which contains the E. amylovora 
hrpN gene (Wei et al. [, "Harpin Elicitor of the Hypersensitive 
Response Produced by the Plant Pathogen Erwinia amylovora" 
Science 257:85-88 (]1992[)]). pCPP2157, one of the three 
cosmids hybridizing with the probe, was digested with several 
restriction enzymes, and the location of the hrpN Ec h gene in 
those fragments was determined by probing a Southern blot 
with E. amylovora Hindlll fragment. Two fragments, each 
containing the entire hrpNgch gene, were subcloned into 
different vectors: pCPP2142 contained an 8. 3-kb Sail fragment 
in pUCl 19 (Vieira and Messing [^Production of Single- 
Stranded Plasmid DNA," Methods Enzvmol., 153:3-1 1(] 
1987[)]), and pCPP2141 contained a 3.1-kb Pstl fragment in 
pBluescript II SK(-) (Stratagene, La Jolla, CA). 
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Sequence ofhrpN Ec h 

The nucleotide sequence of a 2.4-kb region of pCPP2141 
encompassing hrpN^ch was determined. The portion of that 
sequence extending from the putative ribosome-binding site 
through the hrpN Ec h coding sequence to a putative rho- 
independent terminator is presented in Figure 1 . 

See page 485. 

8. In the same manner as described in Bauer supra, Cui et al., "The 
RsmA" Mutants of Erwinia carotovora subsp. carotovora Strain Ecc71 Overexpress hrpN^ 
and Elicit a Hypersensitive Reaction-like Response in Tobacco Leaves," MPMI 9(7): 565-73 
(1996) ("Cui") (attached hereto as Exhibit 3) demonstrates that the gene encoding the 
Erwinia carotovora hypersensitive response elicitor can be isolated, sequenced, and cloned 
by using the Erwinia chrysanthemi hypersensitive response elicitor encoding gene to probe 
the genomic library of Erwinia carotovora. Further, Cui (at page 572) states the following: 

The genomic library of E. carotovora subsp. carotovora strain 
Ecc71 in pLARF5 was screened by in situ colony hybridization 
with a 0.75-kb internal Clal fragment of hrpN of E. 
chrysanthemi (Bauer et al.[, "Erwinia chrysanthemi HarpinEch^ 
An Elicitor of the Hypersensitive Response that Contributes to 
Soft-Rot Pathogenesis," MPMI 8(4): 484-91 (]1995). Two 
cosmids, pAKC921 and pAKC922, that hybridized with the 
probe were isolated. The subclones (pAKC923 and pAKC924, 
Table 1) carrying hrpNT5NA were used for sequence analysis. 

9. The gene encoding the hypersensitive response elicitor of Erwinia 
amylovora has also been used as a probe to isolate and clone the gene encoding the 
hypersensitive response elicitor of Erwinia stewartii. It was found that antibodies raised 
against the hypersensitive response elicitor of Erwinia stewartii cross-reacted with the 
hypersensitive response elicitor of Erwinia amylovora. See Ahmad et al., "Harpin Is Not 
Necessary for the Pathogenicity of Maize," 8th Int 7 Cong. Molec. Plant Microbe Inter. July 
14-19, 1996 ("Ahmad") (attached hereto as Exhibit 4). 

1 0. The genes encoding the HrpN hypersensitive response elicitor from 
several strains of Erwinia pyrifolia have since been cloned. As reported in Jock et al., 
"Molecular Differentiation of Erwinia amylovora Strains from North America and of Two 
Asian Pear Pathogens by Analyses of PFGE Patterns and hrpN genes," Environ. Microbiol. 
6(5): 480-490 (2004) ("Jock") (attached hereto as Exhibit 5), the hrpN genes were amplified 
with PCR consensus primers that were deduced by comparison of the known nucleotide 
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sequences of Erwinia amylovora hrpN and Erwinia stewartii hrpN. Indeed, Jock (at page 
489) recites the following: 

Erwinia pyrifoliae and the Erwinia strains from Japan were 
considered to be sufficiently related to E. amylovora to amplify 
their genes with the Erwinia PCR consensus primers given 
above. This was indeed possible and allowed cloning and 
sequencing of their hrpN DN A fragments. . . . 

1 1 . Similar findings were reported for hypersensitive response elicitors 
from the genus Pseudomonas. An internal fragment of the hypersensitive response elicitor 
from Pseudomonas syringae pv. syringae (i.e., hrpZ) was used to identify and isolate the 
hypersensitive response elicitors from P. syringae pv. glycinea and P. syringae pv. tomato. 
Significant amino acid sequence similarities were identified between the various 
Pseudomonas syringae elicitors. See Preston et al., "The HrpZ Proteins of Pseudomonas 
syringae pvs. syringae, glycinea, and tomato Are Encoded by an Operon Containing Yersinia 
ysc Homologs and Elicit the Hypersensitive Response in Tomato But Not Soybean," MPMI 
8(5): 717-32 (1995) ("Preston") (attached hereto as Exhibit 6). 

12. The genes encoding hypersensitive response elicitors are positioned 
within the hrp gene cluster or proximate to the hrp gene cluster in hrp regulons. For 
example, hrpN from Erwinia amylovora was located within the hrp gene cluster, as was hrpZ 
from Pseudomonas syringae. The popA gene, encoding a hypersensitive response elicitor 
from Pseudomonas solanacearum, was located on the left flank of the hrp gene cluster within 
a hrp regulon. See Bonas, "hrp Genes of Phytopathogneic Bacteria," Current Topics in 
Microbiology and Immunology 192: 79-98 (1994) ("Bonas I") (attached hereto as Exhibit 7) 
and Alfano et al., "The Type III (Hrp) Secretion Pathway of Plant Pathogenic Bacteria: 
Trafficking Harpins, Avr Proteins, and Death," Journal of Bacteriology 179: 5655-5662 
(1997) ("Alfano") (attached hereto as Exhibit 8). Similar to the popA gene, hreX, the gene 
encoding the hypersensitive response elicitor from Xanthomonas campestris, was located on 
the left flank of the hrp gene cluster. See Swanson et al., "Isolation of the hreX Gene 
Encoding the HR Elicitor Harpin (Xcp) from Xanthomonas campestris pv. pelargonii" 
Phytopathology 90: s75 (1999) ("Swanson") (attached hereto as Exhibit 9). 

13. The characteristics that distinguish hypersensitive response elicitors as 
a distinct class of molecules are clearly apparent when considering the different elicitors' 
secretion mechanisms, regulation, biochemical characteristics, and biological activities. 
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14. Substantially all hypersensitive response elicitors identified have been 
shown to be secreted through the type III, hrp dependent secretion pathway. The type III 
secretion pathway is a highly conserved and unique mechanism for the delivery of 
pathogenicity related molecules in gram-negative bacteria. The hrp gene cluster is largely 
composed of components of the type III secretion system. See Bogdanove et aL, "Unified 
Nomenclature for Broadly Conserved hrp Genes of Phytopathogenic Bacteria," Molec. 
Microbiol. 20:681-83 (1996) (attached hereto as Exhibit 10); and Alfano. 

15. Regulation of the genes encoding the hrp gene cluster, and 
subsequently the genes encoding the components of the type III secretion system and 
hypersensitive response elicitors, is controlled by environmental factors. Specifically, 
transcriptional expression of these genes is induced under conditions that mimic the plant 
apoplast, such as low concentrations of carbon and nitrogen, low temperature, and low pH. 
See Wei et al., "Regulation of hrp Genes and Type III Protein Secretion in Erwinia 
amylovora by HrpX/HrpY, a Novel Two-Component System, and HipS," MPMI 13(1 1): 
1251-1262 (2000) ("Wei I") (attached hereto as Exhibit 11); and Bonas I. 

1 6. Biochemically, hypersensitive response elicitors have a number of 
common characteristics. These include being glycine rich, heat stable, hydrophilic, lacking 
of an N-terminal signal sequence, and susceptible to proteolysis. See Bonas, "Bacterial 
Home Goal by Harpins," Trends Microbiol 2: 1-2 (1994) (attached hereto as Exhibit 12); 
Bonas I; Gopalan; and Alfano. 

17. In addition, hypersensitive response elicitors share a unique secondary 
structure that has been associated with these elicitors' distinct biological activities (described 
below). The structure has two primary components, an alpha helix unit and a relaxed acidic 
unit having a sheet or random turn structure. In the absence of one or both of these 
components, hypersensitive response elicitation does not occur. See WO 01/98501 to Fan et 
al. (attached hereto as Exhibit 13). 

1 8. In addition to eliciting the hypersensitive response in a broad range of 
plant species, as explained by Wei et al., "Harpin from Erwinia amylovora Induced Plant 
Resistance," Acta Horticulture 41 1 : 223-225 (1996) ("Wei II") (attached hereto as Exhibit 
14) and by Alfano, hypersensitive response elicitors also share the ability to induce specific 
plant responses. The induction of plant disease resistance, plant growth enhancement, and 
plant stress resistance are three plant responses that result from treatment of plants or plant 
seeds with a hypersensitive response elicitor from a gram-negative plant pathogen. 
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19: As described in Wei II, treatment of plants with the hypersensitive 
response elicitor HrpN from Erwinia amylovora resulted in disease resistance to a broad 
range of plant pathogens. For example, HrpN induced disease resistance to southern bacterial 
wilt (Pseudomonas solanacearum) in tomato, tobacco mosaic virus in tobacco, and bacterial 
leaf spot (Gliocladium cucurbitae) in cucumber. 

20. The hypersensitive response elicitor HrpZ from Pseudomonas 
syringae was reported to induce disease resistance in cucumber to a diverse range of 
pathogens, including the fungal disease Colletotrichum lagenarium, tobacco necrosis virus, 
and bacterial angular leaf spot {Pseudomonas syringae pv. lachrymans). See Strobel et al., 
"Induction of Systemic Acquired Resistance in Cucumber by Pseudomonas syringae pv. 
syringae 61 HrpZ Pss Protein," Plant Journal 9(4): 431-439 (1996) (attached hereto as Exhibit 
15). 

2 1 . The hypersensitive response elicitor HrpZ from Pseudomonas 
syringae was reported to induce disease resistance in transgenic tobacco to powdery mildew 
(Erysiphe dehor acearum), and in transgenic rice to rice blast fungus (Magneporthe grised). 
See U.S. Patent Application Publ. No. 2004/0073970 to Takakura et al. (attached hereto as 
Exhibit 16) at Example 4. The HrpZ-expressing transgenes included transgenes with either a 
weak or a strong constitution promoter, an inducible promoter, or a tissue-specific promoter. 
Id. at Example 3. 

Hypersensitive Response Elicitors Induce Plant Disease Resistance 

22. As demonstrated by the following experimental evidence in paragraphs 
23 and 24 below, treatment of tomato and tobacco plants with the hypersensitive response 
elicitor HreX from Xanthomonas campestris pv. pelargonii induced disease resistance in the 
plants against bacterial wilt and tobacco mosaic virus. 

23. The induction of disease resistance in tomato against bacterial wilt 
(caused by the pathogenic bacterium Pseudomonas solanacearum ¥^q) was investigated as 
follows. Approximately 30 days after sowing, tomato plants were sprayed with either a 
dilution of HreX or 5 mM potassium phosphate buffer, pH 6.8 (the same buffer used to dilute 
the HreX solution). Six days after treatment, inoculation was performed by slicing the soil of 
the pot containing the tomato plant 4 times and applying 40 ml of solution containing 1 x 1 0 6 
colony forming units ("cfu") per ml of P. solanacearum K^ 0 to the soil. Disease severity 
ratings were recorded at 7, 9, and 1 3 days after inoculation ("DAI"), as shown below in 
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Table 1 . As these results demonstrate, plants treated with HreX exhibited substantially more 
disease resistance than the buffer-treated control plants. 



Table 1. Pseudomonas solanacearum Disease Resistance from Treatment of 
Tomato with HreX. 



Treatment 
Groups 8 


Disease Index 
(7 DAI) 


Disease Index 
(9 DAI) 


Disease Index 
(12 DAI) 


% Difference 
(12 DAI) 


HreX 


0.12 


0.22 


0.22 


38.89 


Buffer 


0.16 


0.3 


0.36 


na 



^ach group consisted of 1 pot containing 10 plants. 



24. Experiments examining the induction of systemic disease resistance in 
tobacco from treatment with HreX were conducted as follows: Diluted HreX was sprayed on 
all but the bottom most full-sized leaf of six- to eight-week-old tobacco plants (Xanthi). The 
bottom most full-sized leaf was covered during spraying so as not to receive residual spray. 
Three days after the spray treatment, the unsprayed leaf and the leaf opposite it, were lightly 
dusted with diatomaceous earth. Thereafter, 20 \A of a 1.7 ng/ml solution of tobacco mosaic 
virus ("TMV") was applied to both leaves dusted with diatomaceous earth. The TMV was 
gently and evenly spread across the leaves. Approximately 5 minutes after inoculation, the 
plants were lightly rinsed to remove the diatomaceous earth. Three days after inoculation, the 
number of TMV lesions on the unsprayed and sprayed leaves for each plant was recorded, as 
shown below in Table 2. As these results demonstrate, plants treated with HreX exhibited 
substantially more disease resistance than the buffer-treated control plants. 



Table 2. Tobacco Mosaic Virus Resistance in Tobacco from Treatment with HreX. 





Number of TMV Lesions on Leaf 


Treatment 


Treated leaves 


Untreated leaves 


Groups 


Plant 
No. 1 


Plant 
No. 2 


Plant 

No. 3 


Avg. 
No. 


% 

Difference 


Plant 
No. 1 


Plant 
No. 2 


Plant 
No. 3 


Avg. 
No. 


% 

Difference 


HreX 


5 


7 


8 


6.67a 


93.37 


41 


22 


20 


27.67a 


76.49 


Buffer 
Control 


107 


99 


96 


100.67b 


na 


124 


106 


123 


117.67b 


na 



Transformation of Plants and Plant Seeds with a DNA Molecule Encoding a 
Hypersensitive Response Elicitor Protein 

25. In order to investigate whether transforming a plant or plant seed with 
a DNA molecule encoding a hypersensitive response elicitors results in specific plant 
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responses, several transformation constructs containing the hrpN gene from Erwinia 
amylovora were generated, as described in paragraphs 26-27 below. 

26. A first hrpN transformation construct was assembled to include the 
open reading frame from of the hrpN gene inserted behind a nopaline synthase (NOS) 
promoter, designated NOSP in Figure 1 below, and immediately in front of a NOS 
terminator, designated NOST in Figure 1 below. The NOS promoter is considered a weak 
constitutive promoter and has been previously identified. See Koncz et al., "The Opine 
Synthase Genes Carried by Ti Plasmids Contain All Signals Necessary for Expression in 
Plants," EMBOJ. 2(9): 1597-1 603 (1983) (attached hereto as Exhibit 17). 

Figure 1. Schematic of NOSP-Zr/piV-NOST Transformation Construct. 

5' 3' 

1 NOSP h - T hrpN 



27. A second hrpN transformation construct was assembled that differed 
from the construct described in paragraph 25 by the insertion of a tobacco prlb signal 
sequence, designated SS in Figure 2, between the NOS promoter and hrpN open reading 
frame. The prlb signal sequence has been previously identified. See Lund & Dunsmuir, "A 
Plant Signal Sequence Enhances the Secretion of Bacterial ChiA in Transgenic Tobacco," 
Plant Mol. Biol 18:47-53 (1992) (attached hereto as Exhibit 18). 



Figure 2. Schematic of NOSP-SS-^r/;A^-NOST Transformation Construct. 

5' 3' 



4C 



Experimental Evidence Showing Disease Resistance In hrpN Transgenic Plants 

28. As demonstrated by the following experimental evidence in paragraphs 
29-30 below, plants grown from seeds harvested from plants transformed with a DNA 
molecule encoding the hypersensitive response elicitor HrpN from Erwinia amylovora 
exhibited enhanced disease resistance. 
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29. Arabidopsis Col-0 was transformed with the transformation constructs 
described above. The constructs were transformed with standard procedures utilizing 
Agrobacterium transfection. Plants designated 58a8, 58al0, and 58a21 were transformed 
with the construct described in paragraph 26. Plants designated 60a9, 60a 16, and 60al7 were 
transformed with the construct described in paragraph 27. High hrpN expression transgenic 
lines were selected by Northern analysis. The lines were confirmed to be homozygous by 
selection on kanamycin. Prior to initiation of the growth assays, the seeds of each transgenic 
line and the wild type Arabidopsis were sterilized and subjected to a vernalization treatment 
in which the seeds were placed at 4°C for approximately four days. All plants were 
maintained in identical conditions: 16 hours daylight period, 23°C (day)/ 20°C (night), and 
50% humidity. Approximately four week after sowing, plants were infiltrated with 10 6 
cfu/ml of Pseudomonas syringae pv. tomato DC3000. Four to six days after inoculation, 
bacterial concentration were calculated by harvesting 1 cm 2 of infected leaf tissue, 
macerating the tissue in 10 mM MgCl, and dilution plating the cell/leaf suspension on King's 
B plates. Bacterial concentrations in wild type and transgenic lines are shown in Figure 3 
below. The data in Figure 3 represents the average of three plants per line and six leaves per 
plant. Disease proliferation was approximately 70% lower in hrpN transgenic plant 
compared to non-transgenic wild type plants. 

Figure 3. Disease Resistance in hrpN Transgenic vs. Wild Type Arabidopsis 




58a8 58a 10 58a21 wt 60a9 60a 16 60a 17 

Line 



30. Tobacco (Xanthi NN) was transformed with the transformation 
constructs described above. The constructs were transformed with standard procedures 
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utilizing Agrobacterium transfection. Plants designated 58x2 were transformed with the 
construct described in paragraph 27. All seeds and plants were maintained in identical 
conditions: 12 hours daylight period, 26 °C (day)/ 28°C (night), and 50% humidity. Plants 
were inoculated with TMV as follows. Four leaves per plant were lightly dusted with 
diatomaceous earth. 100 \i\ of a 0.42 |ig/ml solution of tobacco mosaic virus ("TMV") was 
applied to the each dusted leaf. The TMV was gently and evenly spread across the leaves. 
Approximately 5 minutes after inoculation, the plants were lightly rinsed to remove the 
diatomaceous earth. The number of TMV lesions on the treated leaves was recorded five 
days after inoculation and is shown in Figure 4 below. hrpN transgenic plants had 
approximately 35% fewer TMV lesions than non-transgenic plant. 

Figure 4. TMV Resistance in hrpN Transgenic vs. Wild Type Tobacco 




Lines 



3 1 . Because disease resistance has been demonstrated for topical 
application of HrpN of Erwinia amylovora, HrpZ of Pseudomonas syringae, and HreX of 
Xanthomonas campestris {see supra at 1 8-20 and 22-24), and transgenic expression of 
hrpN of Erwinia amylovora and hrpZ of Pseudomonas syringae {see supra at ^ 21 and 28- 
30), one of ordinary skill in the art would expect other members of this art-recognized class 
to likewise induce disease resistance in plants following topical application or transgenic 
expression thereof. 
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32. I hereby declare that all statements made herein of my own knowledge 



are true and that all statements made on information and belief are believed to be true; and 
further that these statements were made with the knowledge that willful false statements and 
the Hke so made are punishable by fine or imprisonment, or both, under section 1001 of Title 
18 of the United States Code, and that such willful felse statements may jeopardize the 
validity of the application or any patent issuing thereon. 
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syringa* pv.*. jyrw^o* and -P- ** pv. pt*as*o< - 
! Bcofe itsp<ctiYe r y, Txansr^soiwndowd*. 
; mutations m jarp genes .were found w 
• abolish theihiuty.of R jrvrogae to eUcit 
me HR in- nonhost plants or to. cause 
cUseasemWFuantsOS^;^ 
^ behave. Very - much Hke bacteiu that bave 
no j^parent interactions wim? plants,, anca 
as £ coS. The kientificarion of hip genes, 
suggested that the molecular rneciiantan<a) 
underiying. oactensi pathogerucity; and 
.bacterial reHcftaUdtt of i«>at -disease 
resistance may involve the same bacterial 

genes, . v- • * - 

krp genes have been isolated from many 

* blarrf-pathogeuic bacteria' and: have -been 
characterized most txjtensivefjr &om P. * 

syri&H. A:* pv- ^egf*** 
dompnea sotenaqtanan (which cau ses wig 
in many ^cUnaceous plants), jfmxhomoitas 
cartipesiris pv/veiiciw^ .^incn causes 
bacteri al spot Wtotnato and pepper), and 
£ a^lovora, (M^5)- Isbladon (doning) 
• 0 f hrp genes was accomplished: by insert- 
ing random genoxnic DNA rra^iueucs from 

• a wild-type,, plant-pathogenic bacterium into 
a cloning vector, followed by intrcduction of 
cloned DHA fragments into * At? mutants 



1 -i-Jiurv cooy of fte mutated hrp gene 

- Afferent gencm v\ ' p Miancctarvm. 

: ^ At ? Se«*?tWJ bacterium. 

tawwn genes ^"^^don. we. now ' 
u>d motecuU? ^^^rTieajt ; tores 

lieB ^Tt^^«* invade living P»-"- 

^"^^rfKiorirt have observed 
A number of f^ 0 ?*^, genes 



Soedfie compounds -(«*, «««■ ■» 
for the induction of X c pv. 

&cd * ***** of ^W 1 ^ 

si among *c first two. hrp g«^.®w 
. £^Tlt has been 

Xn> «enea rod *k» bacwoal 
l^^^XTS^^ which - determine 

^oci (30V taterestmjjty. hrpS 



arc simitar to sequence to a family of bac- - 
lefial proteins thai regulate genes uxwlved 
to Averse metabolic functiom, including 
genes involved in nutrient transport and 
^teboUsm 0«-51% The sequence stmi- 
^cf^aailuTi/ewiAgeiieregulsv . 
too involved in nutrition appears to sup- 
port hypothesis thai Arp jenes « 
Involved in bacterial nutrition in the nutri- 
cai-poor plant apopiasL This bypothesU is 
'farther sur/ported by the observation that 
the expression of hrp genes can be aimed 
off by complex nitrogen sources, tricar- 
boxylic * add cycle intermediates, high 
osmolaricy, and neutral pH<scme of which 
tre characteristic of rich ba c teriar media 

bornolog nay been found in a 
very different bacterium, £,amylcvora \S. 
V.- Beet, personal commMmcarion). In P. . 
&Umac*amm, a different hrp gtx& UirpBy 
was found to be involved in the dececnoa 
of the plant apopiast (15). Thus, different, 
bacteria -may bt may not «ae die a*me 
mcchaniiin to detect 4he appaxendy similar 

envittwunent in the plant apbpiast. 

X Protein secretion. One surprising 
"finding fiom the seqoerkx analysis of £rp 
«nes vas that tnany hrp. genes show 
Stoig sixnuaxities to tiK^ Evolved inthe 

in human and animal pathogenic bacteria 
Cl^n'^39.46). Most . plant-pathogenic 



hrp mutant 



^| transposon 
* J 1 mutagenesis ■* 





compUmentation 




complemented hrp matnnt 
^WJn^c^titl.T^- '-"^blushed- by JnserttaQ P»«^^^_^2^ 



bacteria that -cause necrosis arc gram- 
negative, toat is, they have two ceU 
membranes enveloping the cytoplasm* For 
my Urge molecule (cg^ a protein) to go 
through a lipifl membrane, a special secre- 
tion apparatus or channel- composed ct 
many proteins must be assembled across 
both cell membranes. Gram-neganve plant 
paihogcmc bacteria are known to ma*e 
several types of secretion apparatus, For 
example, Srwinia ckrysanitumi, a cace 
rhxtn that causes soft rot, makes one *ZP®^ 
jeotdo* apparatus' for proteases and 
another ft* plant c^ . watt-degrading en- * 
rones (21,39). Both types of secretion 
apparatus are widdy. conserved among 
. jjj™ -other bacteria, including tanaa 
Cogent such as- £ coU and PuuAh. 
■^onhx aeruginosa (21,39). The hrp ^oa 
were found to specify a thirrf;tyix of se. • 
. crcdw.apparatos. the.Hrp secretion appa- 
rams, which appears to be similar wtn~ 
one clscovered In • several human-pstho- 
nnic bacteria, •including YcrHnta spp. 
(ai7W9^In^^ although 
the regulatory hrp Afferent b*>. 

: tcria may be different (hp& +rp*. JW 
hrpL Hi P. tyring" versus ^ B ™* .*^ 
nac*arvm\ most hrp genes wvolvedmtt* * 
assembly .of the Hrp secrenpn. apostates 

* are similar among diverse plant^atbcgemc 
bacteria. "This suggests . teat although 

• different bacteria. -may; .'detect -the plant 
apopiast cnvu^nmentlin their own unique 
ways; they ncvcnheless produce similar 
.types of pro^secredon apparatus ' - 

^Pfodnction of eliotor proteins. The? 
.^jk^very of the novel Hrp sccreopn appa- . . 



rsios rsisedi an immediate questioa: What ' 
arc the proteins that traverse it? Since hrp 
genes are essential for bacteria: both to 
elicit the plant HR *nd to cause disease, it 
was excepted tiin some of the proteins that 
traverse the Hrp secretion apparatus may 
be elicitots of plant HR and chat others 
may bennvoived causing necrosis during 
pathogenesis. Wei et at {47) first provided, 
evidence that one of the £ amyfavorp. hp 
genes • {hrpff) encodes a-*proteinaceous 
d^;or.(ttarpuVHsrpn encia HR atcrosfc 
wben. iojicted i*o tt « ■ apopUsx- of 



The Search lor Proteins , 
that Traverse the Hrp Apparatus 
As mentioned earlier, bacterial mutants 
defective in the Hrp accretion apparatus are 
unable to elicit the HR in resistant plants 
and to cause disease, in .susceptible planes. 
The question is, how many proteins ere 
secreted via the Hrp secretion apparatus?.!/ 
' harpins and PopA are the only proteins chat 
traverse the.Hrp secretion apparatus, then 
msiations.in the genes that make bafpins 
j^. and PopA would also rifminafB the ability 



appropriate pUrss Allhcogh no hrpbl 
gene borodlog could be . found in P 
4>/ij^cav' - - another^ ; proteinaceous ' HR 
tiicior (harpinp^) was identified and' was 
shown to be* encoded by. a different hrp - 
gene, -hrpZ (2CL36).'ryuiernwre. aarpir^ ,; : 
a» nrji zziraccBul&r protein shown to * '. 
ue>«Z3i^«.ifct .Krp secretion apparatus > 
720* Al^'l^csniiL protein eScitnr of the^. 
HR' ww Identified is'?, jotanaceetrvm and J 
was remta 4 PopAl .C2>;;Tbe Z.aniyiayor*y 
barpta, R i. - py. jyrdigd* ei-.tuvpirW and - 
ft soUeiactarum Pcrr^ J, Val though, largely^ - 
^y ^Tytn ^r in. primary 
^similar pcoperties mat may:be\iraporta« in 
uW-HR elieUor activities--. They Mill 
W sabK glyemc rich,- and h>*ror*»&~ 
liotnoldgsef EL amylo\c/Q hatpin and it** 
pv.r *w£Kq^;* : eI ^-harpin^ . have . been ■ - 
,idead*isd in* other pathogenic strains .™t ^ 
Wsag m the genus * £rw^ • and ^tibeg 
.^pec.es zyringac respectively 
^nus, at least three proteins that traverse 
^the hro secretion ar^arams of three j 
diverse bacteria elicuthcHR.- . ^ 



of bacteria to elicjt the .HR in resistant 
plants 'and to cause disease in host plants. . 
However, if -there are other £aitogeniclty- 
or HR-celated process secreted vis the Hrp 
apparatus, m n ra rto fn a in only harpin* or 
PopA^hcoding genes' would not com- 
pletely tboEsh tbe'abiHty of bacterii to - 
elicit the HR In resistant plants or to cause . 
disease in host plants.. Wei et aL (47) 
reported that , {nutations in the: gene codhog - 
for .harpin of £ amyUrwa destroyed the 
ability of the bacteria bom CO trigger the ' - 
HR .In resistant nenhost tobacco and to 
cause disease? In susceptible pear Graio. 
Mutations in the gene coding for rwprine^ * 
of chrfsanihemi -prevented the bacser> • 
'>um from uiggerizxg.ibe HR In rhe nonbost 
tobacco and reduced the ' a$uty of the 
bacterium .to initiate disease lesions in host ( 
plants ..(4). In the case of bajpinpn of P. 
syringa*. mutation analysis has-' been 
complicated by- the complex gene str ocmr e 
and organization surrounding ' the hrpZ 
> gene. Conclusive data regarding the role of *. 
harping in plantr-^. syringe* mteracticens 
are yet to be shown. PopAl was- shown "to 



Pseudomonas syringae A/p gene cluster 




untaovya^function 



r^ulatory genes . 

secretion genes 

genes encoding extraceUuiar 

HR eiicitors 



T 

Hrp secretion 
apparatus | 



harpinpst 

Avr proteins? 
other pathogenicity 
factors? ' : 



~a ihraA to h/pZ) In P. syringe*. hrpS, hrpfl, and hrpL (In * 
> acmes of Pseudomonas syrings*- Thora are ie ^^^^*J^ Jn ^r^ activation ot aU other hrp g»r»a, avr genes, and 
sCotSd ^1 delation of me plant ^asi ^«vfeonmj anta m t„ 0 , S sambry of the Hrp secranon sppara- 
?^_^^Zl«w*w e » a tftd oaft*s.Most oi*<x hr; canes On red) are mvtaiv^^ ^^i^ne^avirulenca orotolrvs .On gr»«n), 



^Uotl^lnvolv^ir^^^ P tant ■S2!V rt "^anZJFZ^lnn^ in "ttic assambry of the Hrp secratl 

. rS^^ virulenc/avirulanca protolne 

Sjs in the oactarial anvolope. through which travels a n*«iy o^cxi 
Including HrpZ 



t* ' dispensable, fcr P 4 * 0 ?*? 1 ^, 
s <tenact*rvm in the susceptible host pta* 
tomato, or for HR eliritatioo in Aero^ 
. plant, tobacco U\ ind.canng ^ 
4u« be other HR-eliciton and I P***- 
eenidty factors that traverse the Hrp • 

-Son apparatus to .^.J3«s . 

Further exarfnadon inflated a****** 

function « an .virulence 
dieting gene-for-gene «"«f^^^ 

Tto, the Hrp seerenon apparatus in . •. ' 
X^S Jy secrete, 
of ptoieiia. Identification of <^J**"~ 
SaiOTT«*e the Hrp secredon « 

ftTa complete undemanding ofJvjMne, 
dialed planH»«^ 5ntei ^ pn> " 
' Factors .Modifying tap ■ 
GencMedfated Compatibility. 
Two bread cla»« . of - bactenal^M ; 

gene-mediated con^ubOity *™r^~_ . 
; ibOity between, plana «" J ^™i ! ^ 

,*! various violence .. 

ability 111 fottOB* Doas : . P v ~** ; 

full viiulcocc of bacttat. 

Bacterial a vr Genes. 
Hot (W) fonnolated-fte 

^ ^^ .^^ . 

tie could cot vert vuujent.f. f- J'-*^ 

j l— Wt- bath of wWeh J» 
Safbaye observed 

I™ to^c^ui^ a otior plant respon* 



end«d by the AT-^^ StS ' 

factors (wrt Vtawpw»>. A . *n1 lpo» . 
blHty U that Avr proton*. *nm no H£ 
eliciting activity by themselves, cause the 
cuttivar-specific HR by, «d« co^csttfy* 
modifying harpiia f '«^^«J* 
expression or harpins In t plant resistance 
JijHjepenckM manna yet » be undastood.; 
FiuaByTfTu also possible that Avr proteffls 
ire secreted directly into Ae plant «Q wi* 
the help of harpins. .awning** • W» 
• for Avr proteins; ate -Inside the plant cdL 
Studies are. bring.e^nirf put to resolve 
theu'po&ubifioes. • U • . 

Bacterial \iruteric* Factor*', 
■. ' The : ge^c oJ^' of P}anHP«*P> 

geaic bacteria 'is reflected in their sbOity to . 
■'- cause diverse disease '*7mpto^' ranging. 
bom soft rot .to. tissue" necrosis * 
•Swlchie." Tfcese Averse, disease symp- 
toms arc lOcdy the result .of *e tenon of 
several, sometimes unique, ^J aiea ^J K ' 
■ -»« pwdaced.br m given »»«^™ « 
. addition » Jbp-conttoUed pathogeaiCHar 



•plant apbplast signals 




■f actors! ! For eMsaple, research' &otn many 
laboratories /has .shown that toxin produc- 
tion plays an important vole in Use focinif 
tioo .of chlorosir amd pecrosia 0. 19.49). 
Exiractllular polysaccharides may be in- 
volved in the forrnanon of water-soaJdng 
lesions (11 -131 and is the production of • 
wilt symptoms' -by' clogging the plant vasv. 
cute' system (9). Plant ceU wall-degrading 
enzymes are icsponsible for nssoe cUsinte- 
gradtm and the appearance of the soft-cot ■• 
. . symptom 

(TVPlant-boonones prxxiuced by • 

the inducdon of «i«ae defonnation 
. Both; hrp geoo» .iod.bafcteriii vlniiencc . 

. - factdta are,aetessaty for olsease syaxptom . 

- pwiacdon. '. bur vfot U fee- celmtiomhip 
becwm :^iem7 A Vogxiil rcjadonship 

.f acipts "ire involved in obtaining raitriftntt 
V eaxiy ^ patbogteiesii, wbereis 

'odwx -vixulcoee fftcson clfivc tbc ixntiil 
compadUe ste$e into t folly ccxnpedbie 
one, leafing co'-tbe production of vmriou^- 
.disease jympcorru.. Ax least two lines of 



.plant apoplast . 



bacterial cell wall 



bacterial cytoplasm 




L - step 1 (expression of hrpS and hrpK) 



promoter. 



i— - step 2 (expresjsion of hrpL) 




-promoter 



$t*p 3 (expression of * 
all other hrp genes; 
avr . genes, and other 
pathogenicity-related 

genes) 



ano nrpn vy ■ .*LV^lv«lv> Clno to and activate ma prwic* w, - 

produce (S and R.-^^^iv turn, bind* to promoter* of other ftrp S*"^^ 

Rant Disease /Jun*_1SS6 SQ7 



V/idence seem to support this relationship. 
First, hrp genes are Mgrir/.jwserved 
among diverse piaat-paihogenic bacteria, 
whereas viiulence factors vary -greatly 
among bacteria- Second^ while mutations 
in the hrp gene* completely abolish both 
bacterial pamcgenicity and eliciiation of 
the HR, mutations In virulence genes (c^. 
toxm.ptoAjcdon]..gei*e»): often do not 
eliminate pathogenicity and have no effect 
on bacterial eiicitatSou of the HR (349.49). 



Model 1 



hrp Gene Functions . 
and Disease Management 

A major reason fc*.di^vering bacterial 
.and plant facton critical for/ bacterial 
pathogenesis and plant resistance is to 
develop novel and environmentally safe 
strategies- for controlling, plant . diseases. 

. The discovery thai the -Hrp. accretion appa- 
ratus is crucial to bacterial pathogenesis 
provides a foundation for designing, novel . 

■ chemicals, and antibodies that would block 

Model,2 




^^^^.^lipt .cell wall' ^^ |^8^ 
plasmaleinma 




HR/reiistance 



Model 4 



harp Ins 





the assembly of the Hrp secretion appara- 
tus or the passage of bacterial virulence 
proteins through it Alternatively, suscep- 
tible crop' plants could be genetically engi- 
neered with genes encoding proteinaceous 
HR eliciGora, such as narpiaa, under the . 
control of plant promoters Inducible by 
virulent pathogens. If mis approach were 
.successful, the HR-or resistance would be 
triggered in otherwise compatible interac- 
tions, Uirdtihg*dia 
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EC16 that are deficient in the production of the pectate 
lyase "°zymes PelABCE can elicit the hyperJnritive 
response (HR) in tobacco leaves. The hrpN^ &ew was 
identified in a collection of cosmids c^„gT c Zf 
sonthtmx hrp genes by its hybridization with the ErJirL 
omylovora hrpN^ gene. hrpN^ appear to be in a 

TZT Str ? D1C °P er ° n ' and U encodes a Predicted protein 

• Q ? that fa 8*° ne -rfch. lacking in 
and highly «milar to HrpN & i„ its C-termini halt 
Eschenchm coh DHSa cells expressing hrpN Uk from the 
^ promoter of pBluescript n accumulated HrpN™. in 
inclusion bod.es. The protein was readiiy purified from 
cell lysates carrying these inclusion bodies by solubttU 
r-uon a. 4.5 M guanidlne-HC. and reprecipiSion UP on 

f^ 15 TE2? bU,Ter - Hr PN~ suspensions elicC 

a typical HR in tobacco leaves, and elicitor activity was 
beatable. Tn5-^7 mutations were introduced ^ 
the cloned A^AT an d then marker-exchanged into the 
genomes of E. chrysanthemi strains AC4150 (wild tvnel 
CUCPB5006 (ApeUBCE), and CUCPB5030 ^Scif 
°^J° P J lOA) - hrpN^.TuS-gusAI mutations in 

aS i™* 'L?^ '"^ UniCSS complemented with 
an hrpN^ subclone. An A/pAWiTirf-gusAi mutation 

SL^S* f abiUty ° f AC4,S0 *» infections -" 

rntloof chicory leaves, but it did not reduce the size oHe" 
sions that did develop. Purified HrpN^ and E. cAry. 
santhem, strains CUCPB5006 and CUCPBS030 elided 

™t n £ ,n neCrOS ^ iD ^ ° f toma, °' Wr, African 
S SoJ^N P^rgonium. whereas hrp Nuh mutants 
^ , 8ppears 10 be <«ly HR elicitor 

produced by E chrysanthemi EC16, and it contributes to 
the pathogenicity of the bacterium in witloof chicory 

ctosis that .s associated with the active defense of planL 

HrSLZSZ K 0gCnS (Kin,ly 1980; K,Cme " t '982) P The 
HR elicited by bactena ,s readily observed as a tissue collapse 

^gh concentrauons (ilO' cells per milliliter) of a limited? 

host-range pathogen like Pseudomonas syringae or ErJuL 

omylovora are infiltrated into leaves of nonhost piamsTe 

Conespondiag author AUn Collmer. E-mail, arc20comeH.edu 



crosis occurs only in isolated plant cells at lower levels of 
inoculum) (Klement 1963; Klement et aL l^unter and 

S^nho^r^ ,982) - ™ e -"■«*•- » 5S£ 

HR in a nonhost and to be pathogenic in a host appear linked 
As noted by Klemen, (1982). these pathogens"^ SS 
physiologically similar, albeit delayed. necroL in their inte" 

P^Z h HR mPatib i e ^ Funhe ™«- ** ability to 
seTor^,™ h ' P a * 0 8 enes « « dependent on a common 
^° S rt nCS - dC " 0t f d hrp 0**V*n « "I- 1986; Willis « a /. 
1991) Consequently, the HR may hold clues to both the na- 
ture of plant defense and the basis for bacterial pathogenicity. 
~nT 7 g T S W wides P read j n gram-negative plant patho- 
gens where they are clustered, conserved. Lid in some cases 
Changeable (Willis e, aL I99I;Bonas 1994) S^era^ 
genes encode components of a protein secretion pathway 
simdar o one used by Yersinia, Shigelia. and SalmoneZspl 

L™. A Z ™* 1 ™™- P- syringae. and P. solana- 

cearum. hrp genes have been shown to control the production 

« d / S ^'w ° f g, rj ne - ricn protein e,icitors ^ the HR (He 
«oA 1993: Wei and Beer 1993: Arlat et ai. 1994) 

p T?? fif ? cfthesc P rotei "s was discovered in £ omylovora 
Ea32I, a bactenum that causes fire blight of rosaceous plants, 
and was designated harpin (Wei et al. 1992). Mutations in the 
encod,„g hrpA, gene revealed mat n in j$ ^ ujred ^» 

yWm to ehct the HR in nonhost tobacco leaves and incite 
d.sease symptoms in highly susceptible pear fruit. The P 
^cearum GMI1000 PcpAl protein has similar physical 

is not a host of that stram (Arlat etai. 1994). However. P sol- 
onacearumpopA mutants still elicit the HR in tobacco and in- 
cite d.sease in tomato. Thus, the role of these glycine-rich HR 
elisors can vary widely among gram-negabve plant pathogens. 
£ chrysamhem, , s unlike the bacterial pathogens that rypi- 

of IhT irTT" h ° St ^ and Secre,es several isozymes 

cSSiS^ Pc,ABCE " «* 0ut ' (Peciic enzyme se- 
SnS.H?m y) """f 15 ° f £ ^i™*™ ECI6 cause a 
HR hv T ( fc BaUere / a/ - 1994 > F«rthermore. elicitauon of the 
conserv^ tj^r h de P ende '« 0" *> >"?> gene that is 
«ie secretion of the £ c «,y 0 v ora harpin (Wei and Beer 1993- 

Se"S o £ 94) . MUta,i r ° f ^ '-e signiftcantly'reduces 
the ability of E chrysanthemi to incite lesions in susceptible 
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witioof chicory leaves. These observations suggest that £. 
chrysanthemi also produces a harpin. We report here the 
cloning, characterization, and mutagenesis of the E. 
chrysamhemi hrpN^ gene and an investigation of the role of 
its product in plant interactions. 

RESULTS 

Molecular cloning of the E. chrysanthemi hrpN^ gene. 

We previously isolated 18 cosmids containing £. chrysan- 
themi DNA sequences hybridizing with the E amylovora hrp 
cluster (Bauer et at 1 994). The pattern of restriction fragments 
released from these cosmids indicated they all contained 
overlapping inserts from the same region of the E chrysan- 
themi genome (data not shown). The cosmids were probed in 
colony blots with a 1.3-kb Hindm fragment from pCPP1084, 

X AATCACSAAA CCAAATT ATCCAAATT ACGATCAAAC CC CACATCCC CGCTC ATTTCCCCC 
M 0 I T I g A H T c COLC 

6 1 TCTCCCCrrCTCCCCCTCCCTCCTCACCCACTCAAACCACTCAATTCCCCCCCTTCATCCC 
VSCLCLCAQCLKGLN5AASS 

1 2 1 TCCXTTTCCACCCTW^TAAACTCACWCCACCATCCATAACTTCACCTCCCCCCTCAOT 
LCSSVDKLSSTIDKLTSALT 

1 SI CC^TCATtnTTCCC(XCCCCCTW^CA(^^ 

SMHFCCALAQCICAS S KC LC 

2U1 TCACCAATCAACTCCCCCACTCmcrcCAATCCC^^ 

MSSQLCQ5FCNCAQGASNLL 

301 CCCTACCCAAATCCCtXGCCCATCCGTTGTCAAAAATCTTrc 

svpksccdalskkfdkaldd 

36 1 tcctrcctcat(^caccctgacxaacct<^ctaac 

llchdtvtklthqsnqlass 

* > Wx :Tn5"ffu*AJ 

421 TCCTCAACCCCACCCACATCACCCACCCTAATATCAATrcCTTC^^ 

MLNASQMTQCNMNAFCSCVK 

4 « I ACCCACTCTCC7(XATTCrcCCCAACCCTCTCCCCCAC7CCATCACTCC L. Ill 1 U CACC 
H A L S S ILCNCLCQSMSCFSQ 
S46i:TnS~gusAl < 4 

54 1 CTTCTCrCCCraCAGCCCCCTTCCACCCCCTC^ 

PSLCACCLQCLSCACAFNQL 

601 CTAATCCCATC^CCATKXKarrCCCCCACAATCCTCCCCTC^CTCCCTTC 

CNAl GHCVCQNAALSALSHV 

661 GCA^CACCTAGACCCTAACAACC^CCACTTTCTAGATa^CA^CATCCCCCCAT^CCA 
5THVDCNHRHFVDKEDRCMA 

721 AACACATCCCCCACTTTATCCATCACTATCCCC 

KEICQFMDQYPEIFCKFCYQ 

781 AACaTCCCTCCACTTCCCCCAACAGX*CCACAAATCCTCC^^ 

KDCVS SPKTDOKSUAKALSK 

341 CCCATCATGACCCTATCACCCCCSCCACCATCCAC^ 

PDDOCKTCASMDKFRQAKCM 

901 TCAAAACCCCCCTCCCCCCTCATACCCCCAATAC 

1 KSAVACDTCNTK lnlrcac 

961 CTCCATCCTOCCTATCCATCCCCCTtrrCCTCCCCCATAAAATACCCAACATCT 

CASLC1DAAVVCDKIAHKSL 

1021 CTAACCTCGCCAACCCCTCATAATCTCrCCTCCCCT^ 
CKLANA** 

loei AwccffAAgccTCTCTcrniciu iiAjcccc un 

Fig. 1. DNA sequence of hrpH^ and predicted amino acid sequence of 
its product Underlined axe the putative riboso roe -binding site, the N* 
terminal amino acids con firmed by sequencing the product of pCPP2172. 
and a potential rho-independent transcription terminator. The location 
and orientation of two Tn5-gusAJ insertions are also indicated and are 
numbered according to their location in the hrpN^ open reading frame 
The accession number for hrpN is L39897. 



which contains the £. amylovora hrpN gene (Wei et al 
1992). pCPP2157, one of the three cosmids hybridizing with 
the probe, was digested with several restriction enzymes, and 
the location of the hrpN^ gene in those fragments was deter- 
mined by probing a Southern blot with the E. amylovora 
HindJH fragment. Two fragments, each containing the entire 
*W?> T £ch gene, were subcloned into different vectors: 
pCPP2142 contained an 8.3-kb Sail fragment in pUCH9 
(Vieira and Messing 1987), and pCPP2141 contained a 3.1-kb 
Pstl fragment in pBIuescript U SK(-) (Stratagene, La Jolia, 
CA). 

Sequence of hrpN^. 

The nucleotide sequence of a 2.4-kb region of pCPP2141 
encompassing hrpN^ was determined. The portion of that se- 
quence extending from the putative ribosome-binding site 
through the hrpN^ coding sequence to a putative rho-inde- 
pendent terminator is presented in Figure I. The typical ribo- 
some-binding site, consisting of GGAAA, was located eight 
bases upstream of the ATG transiarional initiation codon. A 
consensus hrp promoter sequence of GGAACC(N) 16 CACTCA 
(Bonas 1994) was found 97 bases upstream of the open 
reading frame (ORF), suggesting that hrpN^ is a 
monocistronic operon. hrpN^ codes for a predicted protein 
that has a molecular mass of 34.3 kDa, is rich in glycine 
(16.2%), and is lacking in cysteine. Comparison of the amino 
acid sequences of the predicted hrpN^ and hrpN^ products 
revealed extensive similarity, particularly in the C-terminaJ 
halves of the proteins (Fig. 2). The overall identity of the 

Ecb MQITIKAHTCCDLCVSCLCUJAC^UCCI^SA^SlJCSSVDKL 42 

• t : - Mi- I U (I- ::.|.|| 
Ea MS LNTSCLCASTMQ I S I CCACGNNGL . LCTSRQNACLCCNSAUCLCGCNQ 49 

Ech S S T X DKLTS ALTSMHF CCALAQCLCA5 . SKCLCMSNqijOQSFC 64 

— H : U : || ::.ni" ^ - 1 1 i |..M = ::: 

E* NDTVNQ LAC LLTGMMMHM S MHCCCC LMCCG LCCQ LCNCLCCSCCLCEGLS 99 

Eeh NCAQG. . ASNIXSVPKSGCnALSKMFDKALDDLLC *. " 117 

\- ::•!-:... \ | :.:|J: j| 

Ea NALNDMLCCS LNTLCS KCCNNTTSTTNS PLDQALG I N STSQNDDSTSCTD 149 

Ech HDTVTKLTNQSNQLAJISMLNAS . . QM7QCNKNAFC 150 

I : -i - .::.J::..: j | : | ; 1 1 ; 

Ea STSOSSDTOQQUXMFSElMQSLFCDCQDCTQGSSSCCKQPTECEqNAYK 199 

Ech SCVNNALSSILCNCLCQSMS CFSQPSLCACCLOCLS 186 

ll -Ml:::|IH:| :: fr IMH 

E* KCVT0AI^GLMCNC1^Q1JXNCGLCCCQCCNAGTCIJ)CSS LCCXCLRCLS 249 

Ech CACAnx T QIXNAICMGVGqNAALSAi^frVSTKVIX:r«^FVDKEDRCMAICE 236 

i -11111:1 1:1 .(:: I).:::|| . :..J j (. : | : | | : | J | ( 
Ea CPVDYC<3LX;NAVCTCICKKAGIQAI^DICTHRHSSTRSFVmCDRAKAXE 299 

Eeh IGQFKTXJYPEIFCKPEYQKJDCT/SSPKTDDKSWAKAIJSKPDDDGOT 286 

r liUiiiJlAii 1 ;ii M:|,,: - ' •nilllMIIIIIIIIMII.III: 

Ea ICQnilXJYPEVFCKPQYQKCPCqE^CTDDKSWAXALSKPDDDCMTPASIlE 349 

Ech KfRQAMCM I KS A VAGDTCNTNLNLRCACC AS LC I D AAWCDKIAHMS LCK 336 

lin.::||l|M-M: l|..|. : . f, 

Ea QFNKAKGMIKRPKACDTCNCNLH DAVPWLRtfVLHP 385 

Ech LaNA 340 



Fig. 2. Predicted amino acid sequences of the hrpN products HrpNa* 
(Ech) of Erwinia chrysanthemi and HrpN^ (Ea) of E. amylovora, 
aligned by the Gap pro gram of the Generics Computer Group Sequence 
Analysis Software Package (Devereaux et al. 1984). Two dots denote 
greater similarity than one dot 
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hrpN genes and proteins was 66.9 and 45.5%, as determined 
by the FAS1A and Gap algorithms, respectively (Devereaux 
et al 1984; Pearson and Lipman 1988). 

The direction of hrpN^ transcription, the size of the 
predicted product, and the translation start site were con- 
firmed by recloning the 3.1-kb Pstl fragment from pCPP2157 
and selecting a clone with the f ragmen* \n prescript II 
SK(-) in the opposite orientation from pCPP2I41, to produce 
pCPP2172. £ coli DH5a(pCPP2172) expressed hrpN&t, from 
the vector lac promoter and produced high levels of a protein 
with an estimated molecular mass of 36 kDa in sodium dode- 
cyl sulfate (SDS) poly aery lamide gels, which is close to the 
predicted size (Fig. 3). Furthermore, the 10 N-terminal amino 
acids of the 36-kDa protein, determined by microsequencing 
following purification as described below, corresponded with 
the predicted N terminus of HrpN^. As expected, no N- 
terminal signal sequence for targeting to the general export 
(Sec) pathway was discernible in the HrpN £fA sequence, and 
our data showed no evidence of processing of the N terminus. 

Purification of the hrpN^ product 

and demonstration of its HR elicitor activity in tobacco. 

When DH5a(pCPP2172) cells were disrupted by sonica- 
tion and then centrifuged, most of the HrpN^ protein sedi- 
mented with the cell debris. However, soluble HrpN^ could 
be released from this material by treatment with 4.5 M guani- 
dine-HCl. This suggested that the protein formed inclusion 
bodies which could be exploited for purification. As detailed 
in Materials and Methods, we found that HrpN^ reprecipi* 
tated when the guanidine-HCl was removed by dialysis 
against dilute buffer. The HrpN^* precipitate could be washed 
and resuspended in buffer, in which it formed a fine suspen- 
sion. SDS polyacrylamide gel analysis revealed the suspen- 
sion to be electrophoretically homogeneous HrpN^ (Fig. 3). 

Cell-free lysates from £, coli DH5ot(pCPP2172) cells 
grown in Luria-Bertani medium were infiltrated into tobacco 



43.0 — 




12.5 — 



Fig- 3. Sodium dodccyl sulfate (SDS) polyacrylamide gel of purified 
HrpNjEc*. Purified HrpN^ was solubilized in SDS loading buffer, elec- 
trophorcsed through a 12% polyacrylamide gel, and stained with Coo- 
raassie Brilliant Blue. Lane 1, molecular weight markers (mid-range 
markers from Diversified Biotech, Boston, MA), with sizes in kilo- 
daltons shown to the left; lane 2, HrpN^. 



leaves. Necrosis typical of the HR developed within 18 h, 
whereas leaf panels infiltrated with identically prepared 
lysates of DH5a(pBIuescript SK-) showed no response (data 
not shown). The suspension of purified HrpN &fc at a concen- 
tration of 336 ug/ml also caused a necrotic response within 
18 h that was indistinguishable from that caused by E. chry- 
sanxhemi CUCBP5030 or cell-free lysates from £. coli 
DH5a(pCPP2172) (Fig. 4). Tobacco plants vary in their sen- 
sitivity to harpins, and elicitation of the HR by HrpN £fA at 
lower concentrations was found to be variable. Consequently, 
a concentration of 336 ug/ml was used in all subsequent ex- 
periments. The concentration of HrpN^A that is soluble in 
apoplastic fluids is unknown. To determine the heat stability 
of HrpN^, the suspension of purified protein was incubated 
at 100° C for 15 min and then infiltrated into a tobacco leaf 
There was no apparent diminution in its ability to elicit the 
HR (data not shown). These observations indicated that 
HrpN^i, is sufficient to account for the ability of K chrysan- 
themi to elicit the HR in tobacco. 

hrpNeck mutants fail to elicit the HR in tobacco. 

£. coli DH10B(pCPP2142) was mutagenized with Tn5- 
gusAl (Sharma and Signer 1990). Plasmid DNA was isolated 



7.1 



Fig. 4. Response of tobacco leaf tissue to purified HrpN&ft. Leaf panel 1 
was infiltrated with a suspension of purified HrpN^* a concentration 
of 336 ug/ml in 5 mM morpholinocthanesulfonic acid, pH 6 J. Panel 2 
was infiltrated with buffer alone. The tissue in panel 1 collapsed 18 hr 
later The leaf was photographed. 24 hr after infiltration, with a cross- 
polarized transilluminator. which enhances black and white visualization 
by making necrotic, desiccated areas that are typical of the hypersensi- 
tive response appear black. 
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from kanamyc in-resistant colonies and transformed into £. 
coli DHSa, with selection for kanamycin resistance. Plasmids 
containing Tn5-gusAl were analyzed by restriction mapping. 
Two independent insertions in an 0.82-kb Clal fragment in- 
ternal to hrpN&h were chosen for further study. The precise 
location and orientation of these insertions was determined by 
using a primer that hybridizes to Tnl-gusAJ DNA upstream 
of gusA to sequence into the disrupted E. chrysanthemi DNA 
(Fig. 1). E. coli DH5cc(pCPP2142) cells carrying the Tn5- 
gusAJ insertion at nucleotide 439 of the hrpN £cll ORF (with 
gusA and hrpN&t, in the same orientation) produced dark blue 
colonies indicative of ^-glucuronidase activity on LM agar 
(Hanahan 1983) supplemented with 5-bromo-4-chloro-3- 
indolyl p-D-glucuronide (data not shown). Whether gusA was 
expressed from an E. chrysanthemi promoter or the vector lac 
promoter was not determined. The hrpN Eeh 439::Tn5-gusAI 
and hrpN £ch 546::Tn5-gusAl mutations were marker- 
exchanged into the genome of £, chrysanthemi CUCPB5006 
(ApelABCE) to produce mutants CUCPB5046 and CUCPB- 
5045. respectively. Neither of the hrpN^ mutants elicited a 
visible reaction in tobacco leaves (Fig. 5). 
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Fig. 5, Tobacco leaf showing thai Erwinia chrysanthemi hrpN mutants 
do not elicit the hypersensitive response unless complemented with 
/i7?A/*pCPP2174. Bacteria were suspended at a concentration of 5 x 10* 
cells per milliliter in 5 mM rnorpholinoethanesulfonic acid, pH 6.5, and 
infiltrated into a tobacco leaf. The leaf was photographed 24 hr later un- 
der cross-polarized transillumination, as in Figure 4. I, E. chrysanthemi 
CUCPB50O6 (ApeiABCE)\ 2, CUCPB5045 {LpelABCE hrpN Eth S46:: 
TnS-gusAI derivative of CUCPB5006); 3* CLJCPB5045<pCPP2I74); 4. 
buffer alone; 5. CUCPB5046 i&pelABCE hrpN Eck 4S9"Tn5-gusAl de* 
rivativc of CUCPB5006); 6, CUCPB5046(pCPP2l74) 



E. chrysanthemi hrpN^ mutations can be complemented 
in trans with hrpN^ but not with hrpN u . 

The presence of a typical rho-independent terminator just 
downstream of the hrpN^ ORF suggested that mutations in 
the gene would not have polar effects on any other genes and 
that the HR eiicitation phenotype should be restored by an 
hrpN&k subclone. Because pCPP2172 carried 2 kb of £1 chry- 
santhemi DNA in addition to hrpN £cJt * we constructed a pre- 
cise subclone of the gene for this purpose. Oligonucleotides 
were used to amplify the hrpN^ ORF by polymerase chain 
reaction and to introduce terminal Ncol and Xhol sites. The 
introduction of the restriction sites resulted in changing the 
second residue in the protein from giutamine to valine and 
adding a leucine and a glutamic acid residue to the C termi- 
nus. The resulting DNA fragment was ligated into Xhol- and 
Mrol-digested pSE280. creating pCPP2I74 t in which hrpN^ 
was under control of the vector tac promoter. E chrysanthemi 
CUCPB5045(pCPP2174) and CUCPB5046(pCPP2174) pos- 
sessed HR elicitor activity (Fig. 5). HR elicitor activity could 
also be restored to these mutants by pCPP2142 and 
PCPP2172, but not by pCPP2141 (data not shown). Thus, the 
production of HrpN^ is essential for eiicitation of the HR by 
£. chrysanthemi CUCPB5006. 

The feasibility of testing the interchangeability of the hrpN 
genes of E. chrysanthemi and £ amylovora was supported by 
the observation that HR eiicitation activity could be restored 
to hrpN mutants in each species (£ chrysanthemi CUCPB- 
5045 and E amylovora Ea321T5) by their respective hrpN* 
subclones (pCPP2142 and pCPP1084). pCPP2l42 was used 
for this purpose because preliminary immunoblot experiments 
indicated that the level of hrpN^ expression by this plasmid, 
though relatively high, most closely approximated the ex- 
pression of the native hrpN gene in £ amylovora. However, 
despite good heterologous expression of the hrpN genes, HR 
eiicitation activity was not restored in either £ amylovora 
Ea321T5(pCPP2142) or £ chrysanthemi(pCPP\0&4) (data 
not shown). Thus, the genes do not appear to be functionally 
interchangeable. 

£ chrysanthemi hrpN M mutants have a reduced ability 
to incite lesions in witioof chicory. 

The hrpN Ech 439v^Yx\5'gusAl mutation was marker-exchanged 
into the genome of wild-type strain AC4150. The resulting 
mutant, CUCPB5049, was analyzed for its virulence in 
witioof chicory. Leaves were inoculated at small wounds with 



Table 1. Effects of hrpN M mutation on (he ability of Erwinia chrysan- 
themi to incite lesions on witioof chicory leaves 



Strain 


Number of lesions 
per 20 inoculations* 


Size of lesions 
(mm 3 , mean ± SD) b 


AC4150 (wild type) 


16 


80 ±55 


CUCPB5049 






{hrpN^l?:: 






TnS'gusAI) 


8 e 


89 ±42 



* Each witioof chicory leaf was inoculated at two equivalent sites with 2 
x 10 4 bacterial cells: one site received the hrpN^ mutant, the other the 
parental wild -type strain: lesions were indicated by browning and mac- 
eration around the site of inoculation. 

b Product of the length and width of the lesion. 

e Different from the wild-type strain (P < 0.05). as determined by the 
McNemar test (Conover 1980). 
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2 x 10 4 cells of mutant and wild-type strains, as previously 
described (Bauer et at. 1994). The level of inoculum 
corresponded with the experimentally determined ED50 of the 
wild-type strain for the batch of chicory heads used. The ap- 
proximate surface area of macerated lesions was determined 




Fig. 6. African violet leaves showing rapid necrosis elicited by HrpN^ 
and HrpNfe* Pel-deficient strains of Erwinia chrysanthemi. Leaves were 
inoculated with bacteria at a concentration of 3 x 1 0 1 cells per milliliter 
in 5 mM morphoHnoethancsulfonic acid, pH 6,5, or purified HrpN^ 
at a concentration of 336 Mg/ml and photographed 24 hr later under 
cross-polarized transillumination, as in Figure 4. Buffer controls elicited 
no visible response (not shown). I. E chrysanthemi CUCPB5006 
(ApelABCE): 2, CUCPB5Q30 ioutO: iTnphoA derivative of CUCPB- 
5006); 3. HrpN^; 4. (left) CUCPB5045 (ApelABCE hrpN Erh S46r. 
TnS-gusAl derivative of CUCPB50O6) and (right) CUCPB5063 
(ApelABCE outD::TtiphoA hrpN £ai 546.'.Tn5~gusAl derivative of 
CUCPB5006). 



72 h after inoculation. The mutations did not abolish the 
pathogenicity of E. chrysanthemi, but they significantly re- 
duced the number of successful lesions (Table 1 ). However, 
the hrpN^ mutation had no significant effect on the size of 
the lesions produced in successful infections. 

Elicitation of z rapid necrosis in several plants 
by E. chrysanthemi is dependent on HrpN^ A . 

To determine whether E. chrysanthemi could cause an 
HrpN £a -dependent necrosis in plants other than tobacco, a 
variety of plants were infiltrated with purified HrpN^ or 
inoculated with Pel-deficient £. chrysanthemi strains. The 
strains used were CUCPB5006; its hrpN Edt 546:\Tn5-gusAi 
derivative, CUCPB5045; CUCPB5030 {ApelABCE outD:: 
TnphoA): and its hrpN Ech 546::Tn5-gusAJ derivative, CUCPB- 
5063. The results for African violet are shown in Figure 6, 
and results for all plants are summarized in Table 2. They 
yield several general observations. Plants responded either to 
both isolated HrpN^ and hrpN^ bacteria or to neither. 
Plants that responded to either treatment produced a non- 
macerated, HR-like necrosis that developed between 12 and 
24 h after infiltration. hrpN^ mutants failed to elicit a re- 
sponse in any of the plants. The out mutation had no apparent 
influence on the responses elicited in the plants tested, indi- 
cating that residual Pel isozymes or other proteins traveling 
the Out pathway were not involved in producing the HR-like 
necrosis. The results argue that HrpN^ is the only elicitor of 
the HR produced by E. chrysanthemi, 

DISCUSSION 

E. chrysanthemi was found to produce a protein with many 
similarities to the harpin of E. amyiovora. The two proteins 
share significant amino acid sequence identity, similar physi- 
cal properties, and the ability to elicit the HR in a variety of 
plants. Mutations in the hrpN^ gene indicate that, as with E. 
amyiovora, harpin production is required for elicitation of the 
HR. Furthermore, both harpins contribute to bacterial patho- 
genicity, albeit to different degrees. HrpN^ is essential for E. 
amyiovora to produce symptoms in highly susceptible, im- 
mature pear fruit (Wei et al. 1992), whereas HrpN £cA merely 
increases the frequency of successful chrysanthemi infec- 
tions in susceptible witloof chicory leaves. Nevertheless, the 
finding that harpins play some role in the pathogenicity of 



Table 2. Elicitation of necrosis in various plants by HrpN^ and by Erwinia chrysanthemi strains variously deficient in Pel production and HrpN^ pro- 
duction 



CUCPB5063 









CUCPB5045 




(ApelABCE 








(ApelABCE 


CUCPB5030 


outD-.xTnphoA 


Plant 


HrpiW 


CUCPB5006 


hrptt Etk S46iz 


(ApelABCE 


hrpN Eek 546it 


{ApelABCE? 


Tn5-gusAl) 


outDnTnphoA) 


TtS-gusAl) 


Tobacco 








+ 




Tomato 




+ 




+ 




Pepper 




+ 








African violet 


+ 










Petunia 


+ 


+ 




+ 




Pelargonium 


+ 


+ 




+ 




Squash 












Zinnia 













• Leaves on plants were infiltrated with HrpN^ at a concentration of 336 jig/ml and observed macroscopic ally 24 hr later for necrosis and collapse of 

the infiltrated area {+) or absence of any response (-). 
b Leaves on plants were infiltrated with bacteria at a concentration of 5 x lOVml and scored for responses as described above. 
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such disparaie pathogens suggests that these proteins have a 
conserved and widespread function in bacterial plant patho- 
genesis. We will consider below HrpN & * with regard to the 
protein secretion pathways, extracellular virulence proteins, 
and wide host range of E. chrysanthemi. 

E. chrysanthemi secretes proteins by multiple, independent 
pathways. Several protease isozymes are secreted by the Sec- 
iudependent (ABC-transporter, or Type I) pathway; pectic 
enzymes and cellulase are secreted by the Sec-dependent 
(general secretion, or Type D) pathway: and. HrpN £fA is likely 
to be secreted by the Sec-independent Hrp (Type ID) pathway 
(Salmond 1994). The expectation that HrpN £fA is secreted by 
the Hrp pathway is supported by several lines of indirect evi- 
dence: (i) Hrp secretion pathway mutants have revealed that 
other members of this class of glycine-rich. heat-stable elici- 
tor proteins — the E. amylovora HrpN^,, P. syringae pv. sy- 
ringae HrpZ, and R solanacearum PopAl proteins — are se- 
creted by this pathway (He et al 1993: Wei and Beer 1993; 
Arlat et al 1994); (it) mutation of the £. chrysanthemi homo- 
log of an E. amylovora gene involved in HrpN^ secretion 
abolishes the ability of E. chrysanthemi to elicit the HR, 
whereas mutation of the Out (Type D) pathway of E. chry- 
santhemi does not abolish the HR: and (iii) HrpN^ A appears 
to be the only HR elicitor produced by £. chrysanthemi (as 
discussed further below), suggesting that the effect of the pu- 

Table 3. Bacterial strains and plasmids used in this study 



tative hrp secretion gene mutation is on HrpN £fft .Our attempts 
to directly demonstrate /i/p-dependent secretion of HrpN^ 
have been thwarted by the apparent instability of the protein 
in E chrysanthemi. Using the cell fractionation and immuno- 
blotting procedures of He et al. (1993) and polyclonal anti- 
HrpN ro antibodies that cross-react with HrpN^ (Wei et al 
1992), we have observed the presence of HrpN CfA in the cell- 
bound fraction of E. chrysanthemi (D. W. Bauer* unpub- 
lished). However, some culture preparations \: ^xpectedly 
lack the protein, and no preparations reveal aci.-.;.-r.ulation of 
the protein in the culture supernatant fraction. ;s possible 
that HrpN^ aggregates upon secretion and there lore precipi- 
tates from the medium. It is interesting that several of the 
Yersinia spp. Yop virulence proteins aggregate in the medium 
upon secretion via the Type IH pathway (Michiels et al 
1990). Similarly, HrpN^ has a propensity to form aggregates 
or to associate with an insoluble membrane fraction (Wei et 
al 1992). 

It is significant that there is little difference in the plant in- 
teraction phenotypes of E. chrysanthemi mutants deficient in 
either HrpN^ or a putative component of the Hrp secretion 
pathway (Bauer et al 1994). Both mutations abolish the abil- 
ity of Pel-deficient strains to elicit the HR, and they both re- 
duce the frequency of successful infections incited by fully 
pectolytic strains in witloof chicory leaves without affecting 



Designation 



Relevant characteristic* 



Reference or source 



Escherichia coli 
ED8767 
DH5a 

DH10B 

Erwinia chrysanthemi 

EC 16 

AC4150 

CUCPB5006 

CUCPB5030 

CUCPB5045 

CUCPB5046 

CUCPB5063 

CUCPB5049 
Erwinia amylovora 

Ea321 

Ea321T5 
Plasmids and phage 

pBIuescript II SK(-) 

pCPP19 

pUC119 

pSE280 

pCPP2030 

pCPP1084 
pCPP2157 

pCPP2142 
pCPP214I 

PCPP2I72 

pCPP2174 

Xr.TnS-gusAl 



supE44 supFSS Aurf53(r£m£) recA56 galkl galT22metB\ 
supEM AlacV 1 69 (080 tacZ AM 1 5) hsdR 1 7 recA 1 endA 1 gyrA 96 thi- 1 
relAl NaT 

mcrA &{mrr-hsdRMS~mcrBC) $80 lacZAM 1 5 Ala c XI A deoR recA 1 
endA I araDX39 A(ara. Ieu)lt91 gaiU galK rpsL nupG 

Wild-type strain 

Spontaneous Nal r derivative of EC16 
AipelB ptlC) : : 28bp AipelA pelE) derivative of AC4150 
outD::TnphoA derivative of CUCPB50O6 
hrpN Eeh 546:.'TnS-gusAl derivative of CUCPB5006 
hrpNte-tl* : Tn5-gusAJ derivative of CUCPB5006 
hrpN&^dwlTiS'gusAl derivative of CUCPB5030 
firpNf^^^-.TnS-gusAi derivative of AC4150 

Wild type 

hrpN e^y.TtiStacl derivative ofEa321 
Amp* 

Cosmid vector, Sp'/Sm' 
Amp* ptasmid vector 

Amp' plasmid vector with superpolylinker downstream of tac promoter 
pCPP!9 carrying £1 chrysanthemi DNA hybridizing with £. amylovora 

hrp genes in pCPP1033 
pBIuescript M 13+ carrying hrpN^ on 1.3-kb HindXW fragment 
pCPP19 carrying E chrysanthemi DNA hybridizing with £. amylovora 

hrpN 

8.3-kb Sail subclone from pCPP21 57 in pUCl 19 

3.1-kb Pst\ subclone from pCPP2157 in pBIuescript II SK(-) hrpN^ in 

the orientation opposite that of the vector lac promoter 
3.1-kb Pstl subclone from pCPP2157 in pBIuescript II SK(-) hrpN^ in 

same orientation as vector lac promoter 
1 .0-kb hrpNl^ polymerase chain reaction product cloned in NcoX- 

/Yindill sites of pSE280 
Tn5 derivative for generating transcriptional fusions with uidA reporter: 

Kan r . Tct' 



Sambrook et al. 1989 
Hanahan 1983 

Life Technologies. Inc.. Grand Island. NY 

Grant et al. 1990 

Life Technologies. Inc. 

Burkholdere/a*. 1953 
Chatterjec et al. 1983 
He and Collmer 1990 
Bauer et aL 1994 
This work 
This work 
This work 
This work 

ATCC 49947 
Weie/ai. 1992 

Stratagene. La Jolla. CA 
D. W. Bauer 

Vieira and Messing 1987 
Brosius 1989 
Bauer eial. 1994 

Weie/a/. 1992 
This work 

This work 
This work 

This work 

This work 

Shanna and Signer 1990 



1 Amp' = ampicillin resistance: Kan r = kanamycin resistance; Nal* = nalidixic acid resistance: Sm' 
sistance; Tet r = tetracycline resistance. 



: streptomycin resistance; Sp r = spectinomycin re- 
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the size of the macerated lesions that do develop. This pattern 
contrasts with that observed in mutations affecting Pel iso- 
zymes and the Out pathway. Virulence, as measured by mac- 
eration, is merely reduced by individual pel mutations, 
whereas it is abolished by out mutations. This is because mul- 
tiple Pel isozymes (and possibly other enzymes) contribute 
qnartitatively to virulence, but all of the Pel isozymes appear 
to be dependent on the Out pathway for secretion from the 
bacteria] cell. The simplest interpretation of the observations 
with £ chrysanthemi hrp mutants is that HrpN &A is the only 
protein traveling the Hrp pathway that has a detectable effect 
on the interaction of £ chrysanthemi EC 16 with the plants 
tested. 

The primacy of HrpN £fJi in the E. chrysanthemi Hrp system 
is further supported by the observations that hrpN^ mutants 
failed to elicit necrosis in any of the several plants tested and 
that all plants responding with apparent hypersensitivity to 
HrpN£ A strains also responded to isolated HrpN^. Several 
of the plants sensitive to HrpN^ are also susceptible to bac- 
terial soft rots. This is particularly significant for African vio- 
let, whose interactions with E. chrysanthemi have been exten- 
sively studied (Barras et ai 1994). Thus. HrpN £fA elicits HR- 
Iike responses in plants that are susceptible to £ chrysan- 
themi infections under appropriate environmental conditions. 
The significance of this for the wide host range of the bacte- 
rium requires further investigation, and virulence tests with 
hrpNfru mutants and additional susceptible plants are needed 
to determine the general importance of HrpN^ and the Hrp 
system in £ chrysanthemi For example, our present data do 
not address the possibility that other proteins secreted by the 
Hrp pathway, which are not elicitors of the HR in the plants 
we tested, may contribute to pathogenesis in hosts other than 
witloof chicory. 

An important question is whether bacteria expressing het- 
erologous harpins will be altered in pathogenicity. The hrpN 
genes of & chrysanthemi and £ amylovora are particularly 
attractive for experiments addressing this because of the simi- 
larity of the harpins and the dissimilarity of the diseases pro- 
duced by these bacteria. Unfortunately, attempts to restore the 
HR phenotype to £. chrysanthemi and £. amylovora hrpN 
mutants with heterologous hrpN* subclones failed. Since the 
hrpN genes in each subclone successfully complemented 
hrpN mutations in homologous bacteria and were expressed 
in heterologous bacteria, the problem is most likely the secre- 
tion of the harpins by heterologous Hrp systems. A similar 
problem has been encountered with heterologous secretion of 
Pel and cellulase via the Out pathway in £ chrysanthemi and 
E. carotovora t species that are more closely related to each 
other in this rather heterogeneous genus than £ chrysanthemi 
and £ amylovora are (He et at. 1 991 ; Py et at. 1 991 ). 

In conclusion, two classes of proteins contribute to the 
pathogenicity of E chrysanthemi^^ single hatpin and a bat- 
tery of plant cell wall-degrading pectic enzymes. The obser- 
vation that such a highly pectolytic organism also produces a 
harpin suggests the fundamental importance of harpins in the 
pathogenicity of gram-negative bacteria. The observation that 
an hrpN^iTnS-gusAI mutation reduced the ability of a 
fully pectolytic strain of E chrysanthemi to initiate lesions in 
susceptible chicory leaves, but did not reduce the size of le- 
sions that did develop, suggests that HrpN &JS contributes spe- 
ctfically to an early stage of pathogenesis. An attractive pos- 



sibility is that HrpN^a releases nutrients to the apoplast for 
bacterial nutrition before the pel genes are fully expressed 
(CoIImer and Bauer 1994). Patterns of pel and hrpN^ ex- 
pression in planta will likely yield further clues to the role of 
the £. chrysanthemi harpin in soft-rot pathogenesis. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and culture conditions. 

Bacterial stains and plasmids are listed in Table 3. E chry- 
santhemi was routinely grown in King's medium B (King et 
ai 1954) at 30° C, £. coli in LM medium (Hanahan 1983) at 
37° C, and £. amylovora in Luria-Bertani medium at 28- 
30° C. The following antibiotics were used in selective media 
in the amounts indicated (in ug/ml), except where noted: 
ampicillin (100), kanamycin (50), spectinomycin (50), and 
streptomycin (25). 

General DNA manipulations. 

Plasmid DNA manipulations, colony blotting, and Southern 
blot analyses were performed by standard techniques (Sam- 
brook et at. 1989). Deletions for sequencing were constructed 
with the Erase-a-Base kit (Promega, Madison. WI). Double- 
stranded DNA sequencing templates were prepared with Qia- 
gen Plasmid Mini Kits (Chatswonh. CA). Sequencing was 
performed with the Sequenase Version 2 kit (U.S. Biochemi- 
cal, Cleveland, OH). The Tn5-gusAl insertion points were 
determined on an Automated DNA Sequencer (model 373A, 
Applied Biosystems, Foster City. CA) by the Cornell Bio- 
technology Center. DNA sequences were analyzed with the 
Genetics Computer Group Sequence Analysis Software Pack- 
age (Devereaux et ai 1984). Comparison of HrpN^ and 
HrpN^ by the Gap program was done with a gap weight of 
5.0 and a gap length weight of 0.3. Marker exchange 
mutagenesis was performed as previously described (Bauer et 
al 1994). The oligonucleotide used to determine the location 
°f TnS- gusA J insertions in hrpN&k was TGACCTGCAGCC- 
AAGCTTTCC. The oligonucleotide used as the first primer to 
amplify the hrpN Ech ORF and introduce an Ncol site at the 5' 
end of the gene was AGTACCATGGTTATTACGAXCAAA- 
GCGCAC; the one used as the second primer to introduce an 
Xhol site at the 3' en d of the gene was AGATCTCGAGGG- 
CGTTGGCCAGCTTACC. Primers were synthesized by Inte- 
grated DNA Technologies (Coralville, 1A). 

Protein manipulations. 

HrpN^ was purified from £. coli DH5a(pCPP2172) cul- 
tures grown at 30° C to stationary phase in 50 ml of Terrific 
Broth (Sambrook et ai 1989) supplemented with ampicillin 
at a concentration of 200 ug/ml. Cells were lysed by lyso- 
zyme treatment and sonication as previously described (Sam- 
brook et ai 1989). The Iysate pellet was washed twice with 9 
vol of lysis buffer containing 0.5% Triton X-I00 and 10 mM 
EDTA, pH 8.0, and 0.1 mM phenylmethylsulfonyl fluoride 
(PMSF); the lysate was reharvested each time by centrifuga- 
tion at 12,000 x g for 15 min. The pellet was resuspended in 
2.0 ml of lysis buffer containing 0.1 mM PMSE dissolved by 
the addition of 2.5 ml of 8 M guanidine-HCl in lysis buffer, 
and then diluted with 5.0 ml of water. The protein solution 
was dialyzed in SpectraPor #1 dialysis tubing against 2.0 
liters of 5 mM morpholinoethanesulfonic acid (MES), pH 6.5, 
containing 0.05 mM PMSE The precipitate that formed dur- 
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ing dialysis and the solution were centrifuged for 15 min ai 
4,300 x g. The pellet was washed once with 10 ml of a solu- 
tion containing 5 mM MES. pH 6.5, and 0.1 mM PMSF and 
then resuspended in 2.0 ml of the same buffer. Protein con- 
centrations of homogeneous suspensions were determined 
following dissolution in the reagents of the dye-binding assay 
of Bradford (1976). Proteins in crude cell lysates or following 
purification were resolved by electrophoresis through an SDS 
12% polyacrylamide gel and visualized by staining with 
Coomassie Brilliant Blue R. The N-terminal sequence of puri- 
fied HrpN £fA was determined at the Cornell University Bio- 
technology Program Protein Analysis Facility. 

Plant assays. 

For HR assays, tobacco {Nicotiana tabacum L. cv. Xanthi). 
tomato {Lycopersicon esculentum Mill. cv. Sweet 199), pep- 
per {Capsicum annuum L, cv. Sweet Hungarian), African 
violet {Saintpaulia ionantha H. Wendl. cv. Paris), petunia {Pe- 
tunia grandiflora Juss. cv. Blue Frost), pelargonium {Pelar- 
gonium hortorum Bailey), winter squash {Cucurbita maxima 
Duchesne), and zinnia (Zinnia elegans Jacq.) plants were 
grown under greenhouse conditions or purchased at a local 
garden shop and then maintained in the laboratory at room 
temperature, with incident daylight supplemented with a 500- 
W halogen lamp. Witloof chicory {Cichorium inrybus L.) was 
purchased as "Belgian endive" heads from a local super- 
market. Bacterial inoculum was prepared and delivered as 
previously described (Bauer et al. 1994). Briefly, to assay 
soft-rot pathogenesis, 5 pi of inoculum was applied to a small 
wound in detached chicory leaves; to assay for HR elicitation. 
inoculum was infiltrated with a needle-less plastic syringe 
into leaves on plants. 
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xho PcmA" Mutants of Erwinia carotovora 

I^h^ caroto vera Strain Eec71 Overexpress hrpN EcB 

Ifficfta hypersensitive Reaction-Hke Response 

in Tobacco Leaves 



„,h~, earotowa wild-type strain 
EccTl does not U.dt bypen- ^ roatagra e- 
tobacco l^^L^A- mutants of EccTl that produ« 
ds we have » sol » ted ,~°^ e T fases> polygalactaponase, cri- 
high basal level, of ^.rvimlent. The 

^ ^^nof^r^rentstr^eucitanHR. 
RsmA" mutan^ but not tn reaction is charac 
like response ta ^^J^ 0 f water soaking followed 
terixed by the rapid »PP^^ Tbe Reeled areas remain 
• by tissue collapse and "^^tith bacterial cells, and 
limited to «e j™"^ a typical HR, e.g, the reap- 

rlons caused ^^"T!"^ f me nuni-Ti^-Km insertion 
low conceotratt "«lf^^ Bltrated into tobacco leaf tissue 
RsmAf mutant, AC5070, inm AC5070 or by 

prevent elldtation • *£^JS£Mta response^ 
R syringe* r- P« L J*°*£d by the deficiency of N-&- 
the mutants is °^ °f"^ 0 ^ ne , the ceU density (quo- 
o,oh«anoyl>t : homos^n^c^ne,^ analysis b™ 

rum) sensing signal. "J""™* ^tovora strain Ecc71 
disclosed that* XToXmi TupW known to 

possesses a bomolog or & ^^rresponding EccTl 
encode an ? d *VL5^or»ern O^A) blot data 
gene is d « t/?/^^RN A is considerably 
show that the level « „ me RsxxxA^ strains. 

Moreover a low "P^J * transcripts to the 
severely red^U^evelrf^WT ^ ^ RsmA^E. 

R«»A- " nntaats - J^Lcn strata* do not eUcit the HR- 
corvtcvcrc -^^^^Lg with the effects of 
Uke response. These ^ * aUl ogenicity (A. 

nmA on "°rC s CpL En'rou. McrobioL 61:1959- 

^JreTp^ U^on of * «— ~- subsp. 

as accession number L7JS8J». 



AddtifamJ keywords: dexepressed mutant, mconipatfble inter- 
actions, soft-rotting bacteria. - 

Many gram-negative phytopatbogemc bacteria, when^ UD- 
wued LmTnonhost plant such as tobacco, 
necrosis «nerauy known as the hypersensitive reaction (HR) 
J^kuSovacky 1994). A 

bvAerarid collapse of the leaf tissue followed by necrosis of 
&tKSd areT&winiu camera subsp. ^ 
mLv otheVsoft-rotting bacteria are unusual m that they do n« 
2 fSS iHRVhen infiltrated into tobaccoleaves. The 
Sffityrf mese bacteria to elicit the HR has been ^nb^ 
r&e nroduction of pectolytic enzymes that are presumed to 
HR Thercccat finding of CoUmer and his asso- 

Sesis of the major pectate lyase (Pel) isozymes, b« not 
*T rectolytic parent, can elicit the HR (Bauer et aL 1994) « 

^Sochemical data (Bauer et aL 1995) d^^f^f 

EBfey^eeTa^^£^3 
^^^^^^^ 

^e have initiated studies to clarify the genetic mgubaionof 
the nrolctioil of the HR and disease symptoms by £ caroto- 
^rT^Zratovora. We previously reported that amn*. 
T^-Kmtasertion RsmA" mutant of E. c^rovom subsp. 
I^o« is derepressed ^^^^c^ 
rion and it is hypervirulent (Chatterjee et ^ «9^0a « aL 
1995) A mutant of similar phenorype was also generated by 
ch!ScS mutagenesis. The data presented hem ttowto 
Zsc mutants elicit responses in tobacco leaves that are sta- 
^Tose in a typical HR and that they do not require die 
LeU deisSv slnsmTsliaL //-O-o.ohe^ylH-^tnoserine 
• ? , t^OH^^causTtlus reaction. Additionally, our 

„„ :„ £. carotovora subsp. carotovora strain Ecc71 ana 
K thaf expression of this gene is negatively controlled by 



rsmA. 
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RESULTS 

RsmA" mutants of E. carotovora subsp. carotovora eficit 
responses in tobacco leaves that resemble the HR. 

Previously (Chaacrjee el aL 1995; CuictaL 1995), wc haw 
described the isolation procedure as well as some of the char- 
acteristics of £. carotovora subsp. carotovora strain AC5070, . 
the mini-Tn5-Knj insertion RsmA- mutant (rzrn « regulator of 
secondary metabolites). Since AC5070 overproduces pectate 
lyases, polygalacturonases, protease, and ceUulase, and is try- 
pcrvirulent, it was of interest to examine the responses it could 
elicit in tobacco leaves, wherein wild-type E. carotovora 
subsp. carotovora does not cause tissue necrosis in 24 to 48 
hx. As shown in Figure 1, cells of AC5O70 infiltrated nBDto- 
bacco leaves produced symptoms similar to those caus ed by* 
syrinsae pv. pisU known to elicit the HR. The lowest concen- 
tration of AC5070 that elicited an HR-Hke response *as ap- 
prowmatery 2 x 10* cells/mL The visible symptoms, i*-. wa- 
ter soaking followed by tissue collapse, appeared within 24h 
after the infiltration. By 24 h the inoculation sites developed 
necrosis, culminating in tissue desiccation. These responses, 
as in the typical HR, invariably remained confined. totte area 
infiltrated with bacterial cells. Initiation with cells of KsmA 
E, carotovora subsp. carotovora grown in Luria-Bertm (LB) 
agar did not produce visible lesions; however, after 5 to 6 days 
the infiltrated sires became chlorotic. 

By ethyl methane* sulfonate (EMS) mutagenesis of £. caro- 
tovora subsp. carotovora strain AC5006, we isolated a mu- 
tant, AC5041, that, like AC5070, overproduces pectaJeJyases, 
polygalacruronases, protease, and ceUulase (Fig. 2). In addi- 




lion, the mutant is hypervirulcat in that it caused more severe 
maceration in celery petioles than the parent RsmA* strain 
(Fig. 3). The derepressed mutant, AC5041, but not its parent 
strain, induced the HR-like response in tobacco leaves (data 
not shown). 

Prevention of the HR-likt response. 

It has been reported that P. syringae pv. pisi prevents the 
HR when it is preinoculated in tobacco leaves at a lower con- 
centration (5 x 10 s ) and later challenged with an HR-inducing 
concentration (5 x 10*) at the same site (Novacky et aL 1973). 
Similarly, we have noticed that preinflltration of tobacco 
leaves with AC5070 (10 5 CFU/ml) prevented the appearance 
of water soaking and necrosis upon reinoculation at the same 



B 




Fig. 1. Symptmm produced in tobacco leaves by 
iubsp, JnLom AO047 and it, RsmA" AC5OTTX »- 

persons containing about2x lC CFU/ml were mfiltrated n» e«rf. « 
secern. A, AC5047; B, AC5070; C, Pscudomona, synngac fnr. pin 
Pspl; and D, water. Picture was token 24 h after tnfUtianon- 



Fig. 2. Agarose plate assays for 1, pectate lyase (Pel): 2, porygalactmo- 
nase (Pen); 3, protease (PrQ; rnnd 4, ceUulase (CcO activities of Erwinia 
carotovora subsp. carotovora ACS006 CA) and its RsmA" mutant 
AC5041 (B). Bacteria were grown in talcs-yeast cxtratt-glyccrol me- 
dium co saturation. Culture supernatant* were dilnted twofold in 10 mM 
Tris-Ha CpH 7.0) buffer and 5 ul of the dilated samples were used for 
the Pel Pen, and Cel assays. Thirty microliters of undiluted samples 
were used for the Prt assay. 
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oculatioa {test not shown), and by & n pn*»w- 
sponse was completely suppressed. 




^ 3. M^on o^P^-— — ^ AC5 041 W 
subsp. ccwotovcra AC50Q6 Wwow infected into each 

ud fecobattdin a mote chamber * »^ 




RsmA-tnutants orE. cuwtovow sutep-caroto^m tBcit 
theHR-Uke response in the absence of the cell density 

S ^£fi SS^al analogs arc required I forth* expres- 
sion of many phenotvpes in different bactena (Fuqua « aL 
tw sS« aL 1995: Swift et aL 1994). In EL ca^tovcm 
subsp. earotovoro. OHL controls exweettOar enzyme pro- 
dSon^a^dty. ana P-iucti- ^^^t^; 

oush- demonstrated thai exoenzyrne ^«pio<iu^<» and 
Liemdry occurred in the ^^jL°^^fTL 
LJL AC5070 (Cbarterjee « aL 1995). lb futif ^ 
mutants could elicit the HR-like respond in^i« absence 
mis cell density sensing signal, we «*nnned*e *fP««f 
induced by OHL-deficient derivatives of RsmA st«n£ 
Crnadethe EMS-induced RsmAT mutant OHL 
replacing oUT (previously designated as *?2J^^S 
for OHL Wosynthesis. with oWI-Mudlby mf^f^^ 
. we had done with AC5070 (Chatlei^ct^ 1 99^- AC509O 
»™l AC5093 the derivative* of AC5O70 and AC3041, respee- 
p^duce- OHL, as indicated by the L-b^ay 
S^eTetTl995 : data not shown). Hgure 5 shows that 
S»0^AC5093 elicited reactions in tobacco leaves thai 
tSvayrinular to those produced by the parent strains as 
well as by P. syringa* pv. pist 

The RsmA" mutants overctprcss hrpN^ a locus pre- 

-sir say fssiis- -* 

ata demonstrated that hrpti genes of E. amytovom and E. 
%£%Zt encode elicfcos of the HR and raised the possx- 





3 by the R»aA- mu«*ot of ^T^?6 h: B, 

AC3070. Uaf «^J^,^n?CTU/mD al24h:C AC30TO (2 
i.«>»" jyriW'pv.pM ^\™rix itf CFU/ml) at 0 h: E, AC3O70 
, ,0* CFU/nU) « » ffuSTaiO b sad challenged 

Photon « . alter ^ 




don. 



Ohir *3ivan«». ^ AC3093 nUmAT. OhT): C, ACS090 

alter infiltrauon. 

Vol, 9. No. 7. 1996 / 567 



HHIl 



HrpN^ 
HrpN Scb 



MOITIKA- - HIGGDLGVSG- LGLGA- - QGLKGLNS - -AASSLGS SVDKDS 

* * „ # - « * . • • 



45 
43 
50 



HrpN r 
HrpN x 
HxpN, 



HrpN^ 
HrpN^ 
HrpN^ 



c^^TSAI/TSMMF- GGALAQGIXSASSKGLG — — 74 

-liGGGXxGGGXiGSSIiGSGXiGSAXiGGGIjGGMjGAGM "0 

** - - • - « . - - 



HrpN x 
ErpN x 



NAMNPSAMMGSU, FSALEDI^GGGMSQQQGGI^x GnKQPSSPEISATT 1ST 

s^^mqQ^sS^gdSqbgtqgsssggkqptbgkqna^: 199 



HrpN„ 



S^Sg^^^G^GIQAX^XG^SST^^GC^KE 299 



HrpN*. 



XGCFMDQYPEVFGKPQYQKGP 



GQEVKTDDKSWAKALSKPI3DDC3MTPASME 



286 
349 



HrpN^ 
HxpN r 
HrpN, 



qfnkakgmikrpmagdtgngnx, Q . 

... * ****... **•**.*• .... 



HrpK^ MS- 356 

HrpM^ LAMA 340 

HxpNg. VLMP 385 

> . r- ■ ■ ,„„„,«, mh n. earowvora strain Eec7l (HipfW with those of E day- 

N™££ f R nlE^c ^ potion, in e** pro***. 
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Emonia species 0ta» et -J-^jJ^ Southem blot ny- 
and Beer 1992; Wdet aL l »J*"r^ aUi » with hrpif 
bndizadon under f^ U erTaL 1995) as the 

DNA of E. <^ cmt ^'5 jf hn)t seauences in £ can*o- 
probe disclosed the P-^^Swn> Subse- 
vom subsp. foT eSr with the fapN DNA 
quently, by screening a ^ homologous 

DNA were identified, the concspv *^ ^alyas of d* 
tentatively ^8^^ &*HSSh*e V»» 
DNA segment that .^^^^p open reading frame 

product of ArpW °f £ K ^^1 ^as perforrned with total 
Northern ^ *j3R^LS?BoflU the RsmA- 
RNA preparations ^^.^r^ ^ RsmA* parents to 
mttB ^ ¥25 ^pS^isder^scd in the RsmA"' 
ascertain if ^ N ^J* P *Zl. m SY G medium at 28"C to a 
strains. Bacteria were «^J"££'„ ed for total RN A iso- 
Men value of ^5225^ of the 
lation. A ^"JgJ ^^akdihe presence 

v~s used as the P^^jg^ AC5041. By contrast, 
of 1100-base tran^^AC^ ^ 

these transcripts were not somewhat higher 

AC5006 and AO047. We^shouui^^ ^.TuS-Km 
fevelsof ^rt^EMS-mduced mutant 

insertion mutant (AOUw; ^ difference. 
(AC5041^= do "^"^^rive RsmA with a 

^«5SS3S^*t ^ than* 
its RsmA* paicau AC5006. 

Th.*-^ aU* -PP^ dtatiOD rf 
spons. and "^^"SSk cloning and characterixa- 
We have .^^ra ^ibsp. «m,lov»« 

don of the wnA gene of £ « al 1995). A tow- 

strata Ecc71 ((^tleqee « aL 1993^ui rf 

copy plasmid ^^^^Suh^err^ production 
pathogenicity and W^ "^^, £ c . ^ ormrep- 
in £ cwuwvon. subsp. SyLcharide production, 

renX^^aTr^r^ produXT^ 
PJ^^bTk o^yiavors; and suppresses extra- 
elicilanon of the HR oy f- ^f^^,^ by £. corofovora 

subsp. ^^^^ , 9 S In Ught of the large array of 
Mukherjee et aL ^^^^ Eluding induction of the HR 
effe^s -P^^^ 1 ^ Awhile to examine the 
by £ amytovoro. " ^r^7 UclU Bion of the HR-Hta re- 
effects of the «^ D ^ 2^2^X1920 and 0AKC88O 

s P° Meby ^JTS^SSTl ^C5070 and the con- 
were transfonned ^ * f ^ HR-like response. Hg- 
stmcts were tested fwt^ewn carrying the cloning 

ure 8 shows that AC5041 ana ^ tdJ8CCO leaves similar 
vector, pCX1920. ^citedr^ons - JJ-J^ ^ ^ 
to those caused by * ^^^'i^Lted with AC5041 
no visible reaction in the leal seg»«= 



«■ AC5070 carrying the RsmA* plasmid, pAKC880. These 
^^dicr^muluple copies of suppre«ehc^ 
doTof the HR-fita response in tobacco leaves by AC5041 and 

A ^Snt analysis was conducted to de«»ta to .fflact of 
Rsn^Tplasmid cm ftrpN fa transcription. The data- (Rg . 9) 
£ S levebrf scripts were present m 

2ST ofACSWl and AC5070 containing the coning vector, 
Simtat the transcripts were not detected in cells cairy- 
ing the rsmA plasmid, p AKC88Q. 

DISCUSSION 

We Dteviously reported that extracellular enzyme produc- 
J^as^ulSTare ^^^^5"^" 

tSo^A by a transpose* resultedin °verproduc- 
r^of extracellular enzymes and hypervmflence. Moreover. 
^jfilTSrent, the RsmA' mutant did not require the cell 
£S» ^sefflgnal. OHL, for pathogenesis or «traceOute 
*U report, we have show thatttas 
ESSL and an EMS-induced — ofasimri^p^ 
«orvoe elicited the HR-like response in tobacco ^fj^f"? 

eKetation of this reaction was also not dependent 
J^^ A^gh we do not yet have direct evidence that 
KSSonTta AO041 and AC5O70 are in the s^egene, 
^uSn, possess similar phenotypes; e-g. ttey ov«pro- 
du^ ex^lSar enzymes, they are ^^f^ ^ 
^^firipnev does not affect the expression of these traits. 

mtriasnrid carrying «mA* DNA suppresses extra- 



12 3 4 5 



1100- 




Hg. 7. No«hem CRN A) blot analyse ^^j^Sa^^S 
VS^cra ,ub,p. enrobe*, '^J^J^^CttU^*- 

^J^Xt^lT^ lane 5.AC5O70 (RsmA-,. 
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unts express h^to * fa AC5041. As 

EL S£ ;£5S* - — «* — 

^tants ^ * ^SS^pid physiological ac 
0) .^^^^^natlr soaW tissue collapse 
tivity <i.e- wat " ^^"LsisY fii) the affected areas woe 
^^ioT^^^cterial cells; fni) *ese 
honied to ^JT^—grishable from the symptoms devel- 
symptoms were bacteri um known to elicit the 

oped by £r"*"J^K Civ) the response elicited by 
typical HR m Juration of a low 

AC507 ° ^KS£w*S X. similarly, prior inocubv 
coi^ntr^on AO07U ^ of the HR by P. 

dons vathAC5OT0cJU t« ^ AC5041f their 

W« pv- J^^JSSpe strain possess hrpN*. sf 
P"«* «""■»■ ^^f^rX expression^ hrptf^ is 
queoces S ^2m^ leading to the 

S^ofS^™^ -** of the HR (see 

below) - t5«« support the idea that AC5070 and 



in tobacco leaves. We attribute the manifestation of this re- 
sponse with the mutants, but not vrith the parents, to the abil- 
ity of foe former to produce high constitutive levels of 
HrpN-. an exoeuzyme, or both. With regard to the possible 
rote of coenzymes, it is perhaps significant that pectinases 
are known to generate eliritors of plant defense responses 
(Davis et aL 19S4; Davis and Ausubel 1989; Keen 1992). 
Furthermore, Palva et aL (1993) have documented the activa- 
tion of chitinases and glucanases in tobacco by exoenzYme- 
producing strains of E. carotavora subsp, carvtovora bat not 
by mutants deScient in exoenxyme production. Therefore, one 
could argue that pectinase overproduction by the RsmA* mu- 
tants may induce defense reactions that could culminate in an 
HR-like response. The inability of the wild-type RsmA* £ 
carvtovora subsp. carvtovora strain Ecc71 to elicit tins re- 
sponse could be attributed to the lack of extracellular enzyme 
production in a nonhost tissue, Lc, in a tobacco leaf. How- 
ever the hypothesis implicating pectolydc enzymes as ebci- 
tors of the HR is difficult to reconcile with the fmding of 
Bauer et aL (1994) that only those mutants of E. chrysanthemi 
that arc denderit m major pectate lyases can elicit the HR. 

In light of that finding and for the following reasons, we fe- 
ver ^hypothesis trial induction of me HR-like response by 
die mutants may be due to the derepression of a gene encod- 
ing an eHcitor, such as HipN^orHrpNju- Collxner and asso- 





. . n— a- mutants of Erwinia carvtovora subsp. carvtovora AC5041 <P***J 

eanying pCUMO. p*Ml»: A. "P»« =• ~ 
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« , „l 1004- Bauer etaL 1995) have discovereda 

dates (Bauer et aL l ^'**7l HRinthe soft-rotting bacte- 
gene specifying »'^^^seq«nce of HrplWpre- 

ifl 7*toni fayN f * inim-Tn5-Kin induced RsmA' 

ECC71. We l-^f *££S Ifcrepressed — 4 

"ZtnZ Wcfrfan approximately HOO-bBsc tr^- 

scip, to sp^^^T^l detectable in the KsmA.* 
contrast, Ada tr5U ^ t ^S of the «mA* allele into the 
sarins. M^^^^SU of this transcript and con- 
mutants severely reduces tne w thcHR-ia* response, 
costly aboUsbes of » 
These obs^^J^J^^^^.icn is due to ' 
tot ^» the «r^s^^ ^ gene, ta 
the inacavanon of ^ ™ both derepressed in the 
peaolytic "^^f^Sn the penality that the 
RanAT mut2 ^^^S«Xte » bypersermtwe 
^^^StaS ar^ biochemical studies 
necioas of tobacco *eai U5»«~ v *md its outari ve prod- 

uct are solely rcsp^teta*=^° compadbte and 

12 3 4 



1100- 




carrying pAKCSSO- 



IAATEH1ALS AND METHODS 

Bacterial strains and media. " „ . . i 

S/rnedia kaf-C Minimal sate plus sucrose (0-2%) ^ 
XeTg^in (NG) agar, ^a^^^^ 
!L rpYA - ) and salts-yeast earact-glycerol (SYG) rnedia Have 

SeTspectinomycin 

^^^o^Sann^ve assays rf en^txc ac- 
SThas been described in Chatterjee et at (1995). 

^^^on of enzyme samples for -says as „ the 
^irocedares were described previously (Murata et aL 
S«; aS«et aL 1995). The voltes (Mr™ samples 
uSi tarhVassays are indicated in the figure legends. 

Bioluirdnescence assay for OHL. n „ 9! . 
The procedure described by Chanerjee et aL (1995) was 

followed. 

gnS^9^Xcrion anj^y^e^ 
were obtained from Promcga Biotech (Madison. Y/I). 

Abacterial ccUs were incubated ^ AE ^ ™ a fT^ r ^Z 
^Sc^Tthan 5% survival. The V^^°£j°^„ 
^Tdcntificd by their 

lulase, and pectolytic enzymes m agar plate assays u-naw=g 
etaL1993). 

were screened for UHL proouww »/ mqq*» Plaamids 
^procedure described in Chatterjee et aL (1995). 
we^Xed from M8820 colonies that could no longer acti- 
vate the lux operons in pHVMOL 

C^cdonofbacte^ s^by^.e^^ ^ 
The construction of AC5090, tne 
- AC^70, has'been described (Cbau^ee «aL ^ ^ 
late AC5093, the OW" mutant of ^ f^^d 
( P AKC863) carrying inactjva«d ff^'^J 
into AC5041 by means of the helper piasnuo, pr^v* 
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Transconjugants «« selected on minimal salts 

agar supplemented ^ith Km. Colon.es that ^^l^ 

tested to the Ohl phenotype. AC5093 was selected for further 

studies. 

Plant tissue maceration. . _ 

The celery petiole assay was previously described (Mnxara . 
et aL 1991). The extent of tissue maceration was estimated 
visually. 

Infiltration of tobacco leaves. . _ 

^rwuc species were grown on LB agar and P. pv. 
p^T^on King-S B agar overnight at 2S"C andceUs 
Ce ^suspended in water. Strains carrymg plasmfc *«e 
J^nU agar containing ^^^J^T 
lended in a 50 ug/ml spectinomycin solution m water. Young. 
^^BdedXd andlourth leaves of about ^eek-^ 
^o^TuZLm L- cv. Samsm, were uifitaated ^thbact^ 
S s^ions. Inoculated plants w.re incubated ^.grow* 
^n^T27-C with a 14/10 h dayUght regime and vwuaty 
Scored for reactions. For tcsdi^ thep^vennon of dK HR. 
^ response, cells of AC507O (10 s CFU/ml) were inffltrattd 

Sheaves. 1*= pndr-cuUted a~as ^ 
wi* 2 x 10* CFU of AC5070 per ml or 5 x 10 s CFU of P. sy 
ringae pv. pisi Pspl per ml at desired intervals. 



Cloning of hrpN^ DN A and nucleotide sequence analysis. 

The genomic library of £ carvtovora subsp. carowvera 
strain Ecc71 in pLARF5 was screened by in situ colony hy- 
bridization with a 0.75-kb internal Ool fragment of hrpN of 
£ dtrywnrWi (Bauer et al. 1995). Two cosnrids, pAKC921 
and pAKC92Z that hybridized with the probe were isolated. 
The subclones (pAKCKQ and pAKC924, Table 1) carrying 
hrvN DNA were used for sequence analysis. 

Unidirectional 5' to 3' deletions of pAKCMA were made 
and the overlapping deletions differing in size. by approxi- 
mately 200 bp were used for sequence analysis with the Se- 
quenase System H (U.S. Biochemical*. Cleveland, OH). In 
addition, we used oligonucleotide primers to verify and com- 
plete the sequence of hrpN^ with pAKC923 and pAKC924 
ENAs as templates. Alignment of protein sequences was per- 
formed using the Genetics Computer Group, Inc. (Madison. 
WI) software program at the DNA Core facility ootbe Uni- 
versity of Missouri-Columbia campus and the PC/GENE pro- 
gram (InteUiGenetics. Inc Mountain View, CA% The se- 
quence of hrpN*. has been deposited at GenBaak and has 
been assigned accession number 1*78834. 

Northern blot analysis. . 

Bacterial cultures were grown to a value of approximately 
200 Klett units at 28°C in SYG medium with or without 



Table 1- Bacterial strains and ptasmlds 



Bacteria 



Erwinm carawvera subsp, carowvara 
71 

AC5006 
ACS041 
AC5047 
AC5070 
ACS090 
AC5093 

Pmdomanas synngi 
Pspl 



Escherichia eoU 
DH5a 
HB101 
M8820 
POI1734 
VJS533 

pAKCX52 
pAKC863 
pAKCSSO 
pAKC921 
pAKC922 
pAKC923 
pAKC924 
pCL1920 
pCPP2172 
pLARFS 
pRK41S 
P RK2013 
pBluescriptSK+ 
pHV200 
pHV2001 



NaT 



R elevant characteristics* 

Wild type 
LacT mutant of 71 
RsmAT, EMS mutant of AC5006 
^derivative of AC5006 r 
RamA", B^Tn5-X»roatamof ACSW7. to , 
OhT derivative of AC507a R*mA .Krtf.Spc* 
ObT derivative of AC5Q41, RamA* KnF 

WOd type 

<tfOincZ*MJ5. MUxZTA^rgn U169 hsdR27r*cAl endAJ thi-l 
pZ*2 lecYhsdS20(rB- mB~X r*cA56 rpjUO 

^3£a^ 

S^JlnnpAKCSSi a^Mi*iLKnV,Tc' 

J^^aimng HrpU^ fcum genonuc Hbraxy of Bac71 T* 
ltxpjP5 containing /vp^ from genomic library p* 7 *^**". ^ 
flmlS^^ containing ^^^^^^ 

1 EcoRl fragnxit of pAKC922 containing hrpN^ doned into pSK\ Ap* 

s'pc 

Tc* 
Tc* 



Keftrcnce or source 

ZinketaL 1984 
Monmetat 1991 
This study 

Chanwjcc et aL1995 
Cbmnerjee et aL 1993 
OiancrJeeetaL 1995 
ThisfCrjdy 



Mob* TiaMCnr 

8^C*b lux DNA in pBR322, Ap 1 ^ r 

FramesMft mutation of laid in pHYSOO, Ap 



A.XNovadcy 

BRU Frederick. MD 
ZinketaL 19S4 
CastOhoetaL 1984 
Casolhoetat 1984 
Gray and Grecnbexg 1992 

ChattajecetaL1995 
This smdy 
Cm et aL 1995 
This study 
This study 
lids study 

This study 

Letner and Inooye 1990 
BancrctaL1995 
Keen ex aL 1988 
Keen etaL 1988 
Hguoki andHelimki 1979 
Stracigenc La Jolls. CA 
0ny and Greenbert; 1992 
Pearson et aL 1994 



al. 1995). 
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fragment of hipN** was used as the probe. 
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Molecular differentiation of Erwinia amylovora strains 
from North America and of two Asian pear pathogens by 
analyses of PFGE patterns and hrpN genes 



Susanne Jock and Klaus Gelder* 

Max-Planck-tnstitut ffir Zellbiologie, Rosenhof, 
Ladenburg, Germany. 

Summary 

In order to determine a possible genomic divergence 
of Erwinia amylovora 'fruit tree' and raspberry strains 
from North America, several isolates .were differenti- 
ated by pulsed-field gel electrophoresis (PFGE) ana- 
lysis, the size of short DNA sequence repeats (SSRs) 
and the nucleotide and r deduced amino acid 
sequences of their hrpN genes. By PFGE analysis 
European strains are highly related, whereas strains 
from North America were diverse and were further 
distinguished by the SSR numbers from plasmid 
pEA29.The E. amylovora strains from Europe showed 
identical HrpN sequences in contrast to the American 
isolates from fruit trees and raspberry. Those were 
related to each other, but distinguishable by their 
HrpN patterns. The Asian pear pathogens differed in 
HrpN among each other and from E. amylovora. 
Erwinia pyrifoliae isolates and the Erwinia strains 
from Japan were ordered via their HrpN sequences in 
agreement with the PFGE patterns. For all three 
pathogens, dendrograms from PFGE and sequence 
data indicate an evolutionary diversity within the spe- 
cies in spite of a genetic conservation for parts of the 
hrpN genes suggesting a long persistence of the 
Asian pear pathogens in Korea and Japan as well as 
of fire blight in North America. Some of the divergent 
American E. amylovora isolates share PFGE patterns 
with the relatively uniform European strains. 

Introduction 

Fire, blight of apple and pear fruit trees and raspberry as 
well as of other rosaceaous plants is assumed to have 
originated in the Eastern part of North America, from 
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(+49)6221 86805 15. 



where the disease might have been endemic for a long 
time, and was then distributed in the last century to many 
countries of the Northern hemisphere and to New Zealand 
(Bonn and van der Zwet, 2000). In Korea, a bacterial 
disease of pears and Its causative agent Erwinia pyrifoliae 
has been described (Rhim era/., 1999), which was distin- 
guished from Erwinia amylovora by molecular and micro- 
biological tools (Kim e/a/ M 1999) and additional DNA 
sequences (McGhee era/., 2002). Another disease, bac- 
terial shoot blight of pear, was noticed on the island of 
Hokkaido in Japan (Beer era/., 1996) and the pathogen 
has been shown to be more related to E. pyrifoliae than 
to E. amylovora (Kim et a/. t 2001a). 

Erwinia amylovora has been extensively investigated for 
many physiological, biochemical and molecular features 
(reviewed in Vanneste, 2000). Two main factors are a strict 
requirement for pathogenicity: the ability to produce the 
acidic exopolysaccharide (EPS) amyfovoran, encoded in 
the 17kb ams region of the chromosome (Bugert and 
Geider, 1995) and to induce a hypersensitive response 
(HR) on non-host plants, encoded by the 30 kb hrp region 
(Kim and Beer, 2000). The large number of hrp genes is 
associated with regulation and transport of two elicitor 
proteins, HrpN (harpin) (Wei e/a/., 1992) and HrpW 
(Barny, 1995). The adjacent dsp region with dspA/E 
(Gaudriault et a/., 1 997; Bogdanove et a/., 1998) may con- 
tribute to harpin activity. Because mutagenesis of hrpN 
revealed residual HR-inducing activity of HrpN-fragments, 
HrpN might not be strictly required as an intact protein 
(Barny, 1995) and conservation of its sequence has not 
been strongly selected in mutational changes during evo- 
lution. Accordingly, its DNA and amino acid sequences 
could be open to changes without affecting bacterial 
fitness and may be useful for strain and species 
differentiation. 

Another molecular tool for differentiation of E. amylo- 
vora and E. pyrifoliae as well as the Erwinia strains from 
Japan is PFGE analysis (Zhang and Geider, 1997; Zhang 
etaL, 1998; Jock etaL, 2002). Macrorestriction of the 
bacterial genome revealed several closely related but dis- 
tinguishable pattern types for E. amylovora which were 
used to follow spread of fire blight in Europe and in the 
Mediterranean region (Jock etaL, 2002). Another method 
to distinguish E. amylovora strains and the Erwinia strains 
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from Japan was determination of short sequence DNA 
repeats (SSR) in the PGR fragment amplified with primers 
P29A and P29B from the common E. amy/ovora plasmid 
pEA29 (Kim and Geider, 1 999) t also appiied to the Erwinia 
strains from Japan (Jock etaf., 2003a). In contrast to E. 
amylovora strains from Europe and the Mediterranean 
region, heterogeneous PFGE patterns of American 
strains could indicate a long persistence of the pathogen 
in North America. Based on HrpN-sequences, E. pyrifo- 
tiae strains from Korea (Kim et a/., 2001b) and pear-patho- 
genic Erwinia strains from Japan (Kim et a/., 2001a) were 
also divergent. Accordingly, macrorestriction and hrpN 
sequence analysis can be used for differentiation and 
grouping of strains within the three pathogens. 



Results 

PFGE patterns ofE, amylovora strains isolated in North 
America from fruit trees and raspberry 

To estimate possible diversity of Erwinia amylovora strains 
in North America, we collected a set of strains in several 
areas of Eastern Canada. The samples were derived from 
fire blight-infected orchards with pear and apple trees 
located in Nova Scotia near Kentviile and in Ontario near 
Toronto as well as from hawthorn adjacent to the apple 
orchard in the Kentviile area. After an Xba\ digest (Fig. 1 A, 
Table 1), the strains isolated from hawthorn and apple 
trees from Kentviile carry the PFGE pattern Pt4 as found 
before (Jock et a/., 2002) for strains isolated in England, 
Western France and Northern Spain. Strikingly, the strains 
from pears which are isolated in Nova Scotia in an orchard 
only 100 km apart from the apple orchard, had a different 
pattern. Another divergent pattern type was found for 
strains isolated in pear orchards of the Ontario region. The 
divergence or similarity of the investigated isolates can be 
deduced from the dendrogram in Fig. 1 B. 

An additional set of strains was isolated in Eastern 
Canada 1997 in the Kentviile area of Nova Scotia. Strains 
from apple trees had the same pattern as the strains from 
hawthorn and apple isolated in 2000 (Table 1 ). Some 
shared the PFGE pattern with the European pattern types 
Pt1, others with Pt4. Most others were quite divergent in 
contrast to the closely related European pattern types. 

Remarkably E. amyiovora strains isolated in Europe 
and in the Mediterranean region have an identical PFGE 
pattern in an Spe\ digest except for one band shifted for 
strains of the Xbal pattern type Pt3 (Zhang and Geider, 
1997). In contrast, the strains from America were diver- 
gent in their Spel pattern (Fig. 2A), except strains EaCa4/ 
97 and EaCa6/97 with an identical Spel pattern, which 
were isolated in the same year and area. Three strains 
which were isolated in Eastern Canada from raspberry, 
an alternative host for fire blight, differed in their PFGE 



Differentiation of fire bfight and Asian pear biight 481 

A 

M 1234567M 

388- 
291- 



194- 



97- 



B 



0.05 



LJ-Eal/79 

L3-EaKh 15/00 

L4-EaKa7/00 
I— L7-EaFRl/98 

L6-EaTp7/00 



L5-EaTp3/00 
L2-EaKp2/00 



Fig. 1. PFGE analysis of E. amylovora strains isolated in Canada 
after genomic Xoal digests. 

A. Lanes: M: X DNA marker (sizes at left in kb); 1: Ea1/79 (R1. 
standard pattern for central Europe); 2: EaKp2/D0; 3:EaKh1 5/00; 4: 
EaKa7/00; 5: EaTp3/O0; 6: EaTp7/00 (Isolates from Eastern Can- 
ada.); 7: EaFR1/98 (from Germany); Xbal digests. 

B. Dendrogram from patterns in A. Bar, distance scale. 



patterns after Xbal and Spel digests among each other 
and showed barely overlapping patterns with fruit tree' 
strains (Fig. 2A, Table 1). The raspberry strain IL6 from 
Illinois is more related to the 'fruit tree* strain Ea1/79 than 
the other rubus strains assayed. 

The sizes of SSRs of strains from a narrow region of 
Eastern Canada 

A more variable feature than PFGE patterns of the E. 
amyiovora genome is a DNA fragment from the common 
plasmid pEA29 with several short sequence DNA repeats 
(Kim and Geider, 1999; Jock etaL, 2003a). The SSR 
numbers are not related to the PFGE patterns, enabling 
differentiation of strains with the same pattern by SSR 
numbers. Rarely, the SSR numbers differ for strains iso- 
lated from plants in the same region. Nevertheless, strains. 



© 2004 Blackwel! Publishing Ltd, Environmental Microbiology, 6, 480-490 



482 S. Jock and K, Geider 

Table 1. Bacteria used in the experiments. 



Strain 



Description of isolation (plant, place, year, provider) 



PFGE pattern* 



£ amylovora strains 
EaCa1/00 
EaCa4/97 
EaCa6/97 
EaCaH6 
EaCaH9 
EaCaL4 
EaCaSl6 
EaCaS23 
EaCaS5 
EaCaV15 
EaCaV18 
EaCaV8 
EaCaW2E 
EaCaW3 
EaKa6/00 
EaKa7/D0 
EaKaB/OO 
EaKa9/00 
EaKa10/00 
EaKh14/00 
EaKh15/00 
EaKh17/00 
EaKp1/00 
EaKp2/00 
EaKp5/00 
EaTp3/00 
EaTp7/00 
EaTp9/00 
EaTp10/00 
EaTp12/00 
EaTpyr6/00 

£ amylovora strains 
CA1R 
CA263 
CA3R 
Ea88 
Ea110 
Ea153 
EaUS/96 
EL01 
FB93-5 
IH3-1 
IL1196 
LA029 
LA033 
LP100 
OR1 
OR6 
UTRJ2 
WSDA14 
WSDA34 

£ amylovora strains from raspberry (isolated in North America) 

EaCa1/95 raspberry (Rubus ideus). Annapolis Valley, Nova Scotia 

EaCa1/98 raspberry, Bouc louche, New Brunswick 

EaCa8/96 raspberry, Bouctouche, New Brunswick 

EaMR1 raspberry, Michigan 

EaRKK3 raspberry, Michigan 

EaRUB7 raspberry (Bereswill efa/., 1998) 

IL6 raspberry, Illinois 

£ amylovora strains from Europe (Jock et aA, 2002) 

CFBP1430 Crataegus sp., France, J.-P. Paulin 

Ea1/79 Cotoneastersp., Germany, 1979 

Ea9-7 P. communis, Toulouse (France), 1994 

Ea296 C. saiicifdlius, Austria, 1993, M. Keck 

Ea321 CFBP1367, Crataegus sp., France, via S. Beer 

EaFR3/98 Cotoneaster, sp., Freiburg (Germany) 



from Canada (fruit tree) 

pear (R communis), Annapolis Valley/Nova Scotia, 2000. G. Braun 
apple {M. domestica), Annapolis Valley/Nova Scotia, .1997, G. Braun 
apple, Annapolis Valley/Nova Scotia, 1 997, G. Braun 
Harrow, D. Hunter 
. Harrow, D. Hunter 
London, D, Hunter 
Simcoe, D. Hunter 
Simcoe, D. Hunter 
Simcoe, D. Hunter 
Niagara. D. Hunter 
Niagara, D. Hunter 
Niagara, D. Hunter 

Wentowth country/Hamilton, D. Hunter 
Wentowth country/Hamilton, D. Hunter 
apple (Ai domestical Kentvilte, this work 
apple. Kentville/Nova Scotia, 2000, this work 
apple, Kentville/Nova Scotia, 2000. this work 
apple, Kenlville/Nova Scotia, 2000, this work 
apple, Kentville/Nova Scotia, 2000. this work 
hawthorn {Crataegus sp.), Kentville/Nova Scotia, 2000, this work 
hawthorn (Crataegus sp.), Kentville/Nova Scotia, 2000, this work 
hawthorn. Kentville/Nova Scotia, 2000, this work 
pear (R communis), Kentville/Nova Scotia, 2000, this work 
jp'ear (R communis), Kentville/Nova Scotia, 2000, this work 
pear (R communis), Kentville/Nova Scotia, 2000, this work 
pear {R communis), Niagara Fails/Ontario, 2000, this work 
pear (P. communis), Niagara Falls/Ontario. 2000, this work 
pear (R communis), Niagara Falls/Ontario, 2000, this work 
pear (P. communis), Niagara Falls/Ontario. 2000, this work 
pear {R communis), Niagara Falls/Ontario, 2000, this work 
Asian pear (P. pyrifolia), Niagara Fails/Ontario, 2000. this work 

from USA (fruit tree) 

apple, California, A. Jones 
apple or pear, California, A. Jones 
apple, California, A. Jones 
pear, Washington, A. Jones 
apple. Michigan, A. Jones 
USA, L Pusey 

apple, Utah. 1996 (Bereswill etal., 1998) 
A. Jones 

pear, Idaho, A. Jones 
Indian hawthorn, Louisiana, A. Jones 
pear, Washington, A. Jones 
pear, Washington, A. Jones 
pear, Washington, A. Jones 
apple, Washington, A. Jones 
pear, Oregon, A. Jones 
pear, Oregon, A. Jones 
apple, Utah, A. Jones 
apple, Washington, A. Jones 
apple, Washington. A. Jones 



A(d) 

B/Pt4 (a) 

B/Pt4 (a) 

B/Pt4 

Ptl 

B/P14 

Ptl 

Pt1 

Pt1 

By 

Bz 

Bx 

Pt1 

B/R4 

B/Pt4 

B/Pt4 



B/PM 
B/Pt4 
A 
A 



C 
O 



E 
E 
F 
■ E 
B/PI4 
Ptl 

B/Pt4 

E 

G 

E 

E 

E 

E 

E 

E 

B/Pt4 
B/Pt4 
E 

-(b) 

-(bx) 

-(c) 

K 

J 

H(e) 

Pt3a 

Pt1 (a) 

Pt4 

Pt1 

Pt3 

Ptis 
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Table 1. Cont. 



Strain 



Description of isolation (plant, place, year, provider) 



EaUK2/98 
P1573 



hawthorn, Kent (UK), 1998 

Cotoneaster sp.. Dorset (UK) t 1995, A. Aspin 



£. pyrifbliae strains from Korea (Kim era/., 2001b) 

Ep1/96 Asian pear (Pyrus pyrifolia), South Korea, 1996 

Ep4/97 Asian pear {P. pyrifolia) South Korea, 1996 

Ep28/96 Asian pear (R pyrifolia), South Korea, 1996 

Ep31/96 Asian pear {P. pyrifolia). South Korea. 1996 

Ep 102/98 Asian pear (P. pyrifolia), South Korea, 1998 

Erwinia strains from Japan (Kim era/., 2001a) 

Ejp546 Asian pear (P. pyrifolia), Hokkaido, 1979, A. Tanii 

Ejp547 t> Asian pear (R pyrifolia), Hokkaido. 1979. A. Tanii 

Ejp556 Asian pear [R pyrifolia), Hokkaido. 1 994. A. Tanii 

Ejp557 Asian pear {P. pyrifolia), Hokkaido, 1994, A. Tanii 

Ejp562 Asian pear {P pyrifolia), Hokkaido, 1994, A. Tanii 

Ejp617 Asian pear {P. pyrifolia), Hokkaido, 1996, R. Roberts 



PFGE pattern' 



P(1 
Pt4 

PtA 
PtB 
PtC 
PtC 
PtA 

other 
PtJpl 
other 
PtJpl 
PUpl 
other 



a. Letters A to K refer to the pattern of Xba\ digests, as for Pt1 to PI4 and PtJpl; highly related pattern are fisted with 7\ similar patterns with a 
lower case letter added to the main type in upper case, (a to e) in this column refer to Spel-digests of genomic DNA as for PtA, PtB and PtC of 
E. pyrifotiae. - t not assayed. 

b. Previously named Ejp546a. derived from a culture obtained with Ejp546. 



from a narrow area in Nova Scotia were not identical in 
SSRs displaying numbers of 5, 7, or 9 (Fig. 3, Table 2). 
These data suggest independent changes of E. amylo- 
vora populations for SSR. In particular, a strain (EaTp12/ 
00) isolated from a pear tree in the neighbourhood of the 
orchard, where other strains listed in Table 2, had been 
isolated, showed a divergent SSR number. 

Sequence analysis of the hrpN genes of E. amylovora 
•fruit tree* and raspberry strains 

The hrpN genes from several E. amylovora 'fruit tree* 
strains with divergent PFGE patterns and from three rasp- 
berry strains were cloned by PCR amplification. The Euro- 
pean fruit tree' strains Ea1/79, CFBP1430, Ea321 
(nucleotide sequence from data library), Ea9-3, P1573or 
EaFR3/97 with pattern Pt1, Pt3 (2x), Pt4 or Pt1 A t respec- 
tively, showed almost identical nucleotide sequences for 
their hrpN genes with differences of not more than one 
nucleotide. On the other hand, the American raspberry 
strains could be distinguished by their HrpN sequences 
from 'fruit tree* strains from North America. Three motifs 
in the N-terminal part are typical for rubus strains and can 
even be considered diagnostic for their distinction from 
fruit: tree* strains (Fig. 3A, boxes). In addition, the rubus 
strain EaCA1/95 showed a six amino acid insertion 
sequence in the centre of HrpN and a smaller insertion 
closer to the N-termrnus. These sequences distinguished 
strain EaCA1/95 from strains EaMRI and IL6 (Fig. 3A, 
underlined). In a dendrogram, the fruit tree' strain Ea1/79 
from Germany is well separated from the aligned Ameri- 
can rubus strains, but all E. amylovora strains differ in their 



Table 2. SSR numbers ot E. amylovora strains isolated 2000 in East- 
ern Canada. 



Origin Isolated from Name SSR 



Kentviile pear EaKp1/00 7 

EaKp2/00 7 

EaKpS/00 7 

apple EaKa6/00 9 

EaKa7/00 9 

EaKa8/00 8 

EaKa9/00 7 

EaKa10700 5 

hawthorn Ea Kh 1 4/00 > 1 0 

EaKh15/00 8 

EaKh17/00 8 

Toronto R pyrifolia EaTpyrS/00 4 

pear EaTp9/00 4 

EaTplOVOO 4 

pear" EaTp12/00 3 



a. From tree adjacent to main orchard. 



alignment patterns from the Asian pear pathogens 
(Fig.3B). 

Sequence analysis of the hrpN genes of E. pyrifoliae 
strains and Erwinia strains from Japan 

Erwinia amylovora fruit tree' and raspberry strains share 
motifs of HrpN with the Asian pear pathogens. In Fig. 3A, 
the sequences, of the Korean Erwinia pyrifotiae Ep1/96 
and of an Erwinia strain from Japan. Ejp557, were aligned 
for their possible relationship to the E. amylovora rasp- 
berry strains. Erwinia pyrifbliae strains and the Erwinia 
strains from Japan were strikingly distinct from both E. 
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Fig. 2. PFGE analysis of E. amyfovora strains isolated from rasp- 
berry in Canada and Illinois by genomic Spe\ digests in comparison 
with isolates from apple in Canada and an E. amyfovora isolate from 
cotoneaster and an E. pyrifoliae strain. 

A. Lanes: M: X DNA marker (sizes at left in kb); 1: EaCa1/95 (rb); 2: 
EaCa8/96 (rb); 3: EaCa1/98 (rb); 4: EaCa4/97 (a); 5: EaCa6/97 (a); 
6: EaCal/00 (p); 7: IL6 (rb); 8: Eal/79 (highest band from partial 
digest); 9: Ep1/96 (E. pyrifoliae). 

B. Dendrogram from pattern in A. 

C. Dendrogram from pattern of Xba\ digest with the strains applied 
in A. Suffix 'a', isolated from apple; *p\ from pear; *IL6\ from raspberry. 
Bars, distance scales. .,: 



amylovora groups. The HrpN sequences of the two Asian 
pear pathogens were related to each other, but not iden* 
tical and differed in at least four clusters of more than two 
amino acids. 

The E. pyrifoliae strains Ep1/96 and Ep 102/98 belong 
to the PFGE pattern type PtA, Ep4/97 to RB and Ep28/ 
96, Ep31/96 to pattern type PtC (Kim era/., 2001b). Most 
parts of their HrpN sequences were identical. Neverthe- 
less, Ep1/96, Ep4/97 and Ep102/98 showed a DNA inser- 
tion encoding seven amino acids, which distinguished 
them from the others (Fig. 4). The motif 'GGSGGGL' is 
reiterated twice for these strains, but is not conserved for 
E. amylovora or the Erwinia strains from Japan (Fig. 3A 
and Fig. 4A). The distance scale in the dendrogram 
derived in Fig. 4B indicates a close relationship of the 
investigated E. pyrifoliae strains with small differences. 
Epl/96, Ep28/96 and Ep102/98 are highly related, less 
Ep31/96, whereas Ep4/97 is more distinct from the others. 

The Erwinia strains from Japan analysed were also not 
completely homogenous for their HrpN sequences. 
Strains Ejp547, Ejp557 and Ejp562 were highly related in 
the PFGE patterns after Xba\ digests, whereas the others 
could be separated from the first group on this basis (Kim 
etal., 2001a). In agreement with those data, the HrpN 
proteins of Ejp547, Ejp557 and Ejp562 differed from the 
amino acid sequences derived from the other strains at 
five sites of HrpN (Fig. 5A). The dendrogram in Fig. 5B 
indicates the relationship of Ejp557, Ejp547 and Ejp562, 
separating them from the other strains, also confirming 
PFGE data that strain Ejp547 is not identical with strain 
Ejp546, obtained in the same agar culture. 

The sequences of the hrpN genes of E. amylovora Iruit 
tree' and raspberry strains as well as of E. pyrifoliae 
strains and Erwinia strains from Japan showed a differen- 
tial degree of conservation. The E. amylovora 'fruit tree 1 
and rubus strains were 97% related to each other, 
whereas the HrpN proteins of E. pyrifoliae and Erwinia 
strains from Japan had only 83% similarity to HrpN of E. 
amylovora 'fruit tree* strains. 

A summarizing dendrogram (Fig. 6) grouped the E. 
amylovora strains apart from the two Asian pear patho- 
gens. E. pyrifoliae strains are highly related to each other, 
and less to the Erwinia strains from Japan. 

Discussion 

The PFGE patterns of the strains isolated in North Amer- 
ica are divergent, in contrast to the pattern of strains from 
Central Europe and the Mediterranean region, which were 
grouped into four main pattern types (Jock era/., 2002). 
In spite of basically unrestricted trade in fruit and fire blight 
host plants, there has been no obvious mixing of pattern 
types in Europe and the Mediterranean region. Sequential 
spread from infected sites is the dominant way of disease 
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Fig. 3. Sequence alignment of the HrpN proteins from raspberry strains isolated in Canada compared with the E. amylovora 'fruit tree strain' 
Ea1/79, E. pyrifoliae Epl/96 and Ejp557, an Erwinia strain from Japan. 

A. Common motifs for raspberry strains are boxed and unique insertions for strains are underlined. 

B. Dendrogram from the amino acid sequences aligned in A. Bar, distance scale. 
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Fig. 4. Comparison of HrpN proteins from five E. pyrifotia strains. 

A. Amino acid aligment. The motif for strain differentiation is boxed. 

B. Dendrogram from the amino acid sequences aligned in A. Bar. distance scale. 



distribution, except for introduction of fire blight into Cen- 
tral Spain and Northern Italy, where plant imports can be 
connected with appearance of fire blight caused by E. 
amytovora strains displaying pattern type Pt3, which has 
not been found in the adjacent regiofts. 

An ordered PFGE pattern was not found for strains from 
North America, because even a relatively low number of 



isolates gave rise to several different patterns. They also 
differ from European patterns except for Pt1 and Pt4, 
which were found repeatedly in isolates from Eastern 
Canada. Thus, Pt1 and Pt4 could have originated in North 
America and were then distributed to Europe (Jock etal. t 
2002), first to England with the first European fire blight 
outbreaks (Billing and Berrie, 2002). The other patterns in 
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Fig. S. Comparison of HrpN proteins from six Erwinia strains isolated in Japan. 

A. Amino acid alignment. An insertion motif and amino acid substitutions for strains Ejp547, EJp557, and Ejp562 are underlined. 

B. Dendrogram from the amino acid sequences aligned in A. Bar. distance scale. 
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Fig. 6. A dendrogram showing the relatedness of E. amylovora 'fruit 
tree' and raspberry strains and the evolutionary distance of the Asian 
pear pathogens based on the HrpN amino acid sequences. Bar, 
distance scale. 

America can be explained by genetic changes over a long 
time period; they were rarely distributed to other countries 
except for Pt2, a pattern which was found first in Egypt 
and also in a strain from California (Zhang and Geider, 
1997; Jock era/., 2002). 

A special subgroup of E. amylovora strains from rasp- 
berry is endemic in North America and has only been 
isolated there. A reason for the difference in the PFGE 
patterns from E. amylovora 'fruit tree* strains could be the 
unusual host, which required many genomic changes for 
adaptation of the pathogen. On the other hand, their pre- 
sumably long persistence in North America could have 
allowed accumulation of many base changes in the 
genome causing their pattern heterogeneity. 

The SSR numbers are not related to PFGE patterns or 
the areas of isolation as also found for American (Schna- 
bef and Jones, 1998) and European £. amylovora strains 
(Kim and Geider, 1999). Nevertheless, different numbers 
indicate non-identical isolates from fire blighted plants. 
Among intermediate numbers there is a high occurrence 
of low numbers such as 3 and 4 f which are not often 
observed in Central Europe. In isolations from the same 
apple orchard in Kentville, we found SSR numbers from 
5, 7 and 9. Normally, only one SSR-type is usually isolated 
in the same set of isolates, but recently, we observed 
some exceptions like in England where we found SSR 
type 3 and 7 in isolates from adjacent plants (Jock et ai, 
2003a). 

The ability to induce a hypersensitive response (HR) on 
rion-host plants is a common feature of plant pathogenic 
bacteria. In evolution, many genes of the hrp cluster espe- 
cially those involved in protein secretion have been highly 
conserved among bacteria (Van Gijsegem era/., 1993; 
Bogdanove et a/., 1996). A spontaneous base change in 
hrpL within an E. pyrifoliae population has been recently 
described (Jock era/., 2003b). Genes encoding harpins 



are highly divergent even for related bacteria. The HrpN 
proteins of two related species such as R stewartii ssp. 
stewartii (E. stewartii) and R stewartii pv. gypsophylae 
show only 60% similarity to each other (EMBL Nucleotide 
Sequence Database accession numbers AF282857 and 
AF21176 respectively). The similarity of these harpins 
and HrpN of E. carotovora ssp. carotovora (AF302656) to 
harpin of E. amylovora is 62%, 56%, and 49% respec- 
tively. The sequence information of hrpN is not only suited 
for classification of bacterial species, but also for grouping 
of strains within a species. On the other hand, HrpN can 
be conserved, found for E amylovora *fruil tree* strains, 
where the sequences matched at the nucleotide level. 
These strains isolated from raspberry in North America, 
share more than 95% similarity. A high relationship was 
also observed between E. pyrifoliae strains from Korea 
and the Japanese pear pathogen, whereas E. amylovora 
strains match with these pathogens less than 85%. 
Although the Erwinia stains from Japan have not been 
taxonomically classified, the relate dness of HrpN proteins 
adds to the notion to place these with E. pyrifoliae into the 
same species (Kim era/., 2001a). In addition, HrpN 
sequences provided also information for strain differenti- 
ation within a species. 

Because the transport of harpin depends on several 
cellular proteins, its sequence cannot freely change only 
to conserve its elicitor activity. Whether the HrpN protein 
or even the DspA/E-protein (Gaudriault etaL, 1997; 
Bogdanove era/, 1998) contribute to host plant specificity 
of a pathogen has still to be shown. The divergences of 
the HrpN sequences should indicate an evolutionary drift, 
similar to the PFGE patterns analysed. The most likely 
explanation is the long persistence of E. amylovora in 
North America, of E. pyrifoliae in Korea and the slightly 
different pear pathogen in Japan. Furthermore, the occur- 
rence of European pattern types Pt1 and Pt4 among the 
divergent American PFGE patterns may indicate a rare 
escape of fire blight from its origin in North America. 

Experimental procedures 

Bacterial strains, PCR and PFGE analyses 

The E. amylovora strains were isolated in the Eastern part of 
Canada, or were gifts from colleagues (Table 1). They were 
confirmed as E. amylovora on several agar plates including 
MM2Cu (Bereswill era/., 1998) and by PCR assays (Beres- 
will eta/., 1992). Pulsed-field gel electrophoresis analysis 
(Jock eta/., 2002) and determination of the SSR numbers 
(Kim et aL 1999) were done as described. Erwinia pyrifoliae 
(Kim et aL, 2001 b) and the Erwinia strains from Japan were 
also described previously (Kim etal, 2001a). For pattern 
comparison, the PFGE fragments were assigned by eye with 
letters and the program clustalxI.81 used for pairwise 
alignments. The dendrograms were adjusted with NJ-tree 
and further processed in a graphics program. Pattern analy- 
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sis was also done with the public domain programs ImageJ 
(v. 1.30; W. Rasband, NIH, USA) and Cross Checker (v. 2.91; 
J. B. Bunljer, Wageningen, the Netherlands) and alignment 
with Treecon vs. 1 .3b (Y. van de Peer, Konstanz, Germany) 
and clustalxI .81 respectively. Corrections by eye were 
required for further adjustment of the band assignments. 



Analysis of the hrpN genes from E. amylovora and the 
Asian pear pathogens 

The hrpN genes of strains from the three pathogens were 
amplified with PCR consensus primers, which were deduced 
by comparison of several known nucleotide sequences from 
plant pathogens namely E. amylovora (EMBL Nucleotide 
Sequence Database accession number M92994) or R stew- 
artii (accession number AF282857). Primer HRPN1 was 5'- 
ATGAGTCTGAATACAAG-3' (at start of £ amylovora hrpN) 
and primer HRPN3c 5'-GCTTGCCAAGTGCCATA-3' (in 
hrpN. 1 1 bp downstream from stop codon). In some cases, 
weak PCR bands obtained could indicate incomplete match- 
ing of the primers. The amplified DNA fragments were cloned 
into vector pGEM-T and were commercially sequenced. To 
cover the total hrpN genes, a third primer HRPMc (5'- 
CCACGGCGTTACCCAACTGCT<3Gi-3') located in the cen- 
tral part of the hrpN gene was used to cover gaps in the HrpN 
sequences. Alignments and dendrograms were created with 

CLUSTALX1.81. 

Erwinia pyrifofiae and the Erwinia strains from Japan were 
considered to be sufficiently related to £ amylovora to 
amplify their hrpN genes with the Erwinia PCR consensus 
primers given above. This was indeed possible and allowed 
cloning and sequencing of their hrpN DNA fragments as for 
£ amylovora by using primers HRPN 1 and HrpN3c. A primer 
comprising the stop codon at the C-terminus of hrpN did not 
result in the formation of a PCR product together with primer 
HRPN1. 

The hrpN nucleotide sequences from strains Ea1/79, 
EaCa1/95, IL6, EaMR1, Ejp546. Ejp557, Ep1/96, Ep31/96 ( 
Ep4/97 and were deposited in the EMBL Nucleotide 
Sequence Database with the accession numbers AJ579689 
(Ea1/79), AJ579690 <EaCa1/95), AJ579691 (IL6), AJ579692 
(EaMR1), AJ579693 <Ejp546). AJ579694 (Ejp557), 
AJ579695 (Ep1/96), AJ579696 (Ep31/96) and AJ579697 
(Ep4/97). 
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The Pseudomonas syringae pathovars are composed of 
host-specific plant pathogens that characteristically elicit 
the defense-associated hypersensitive response <HR> in 
nonhost plants. E s. pv. syringae 61 secretes an HR elici- 
tor. harpin Pst (HrpZ Pss >. in a 7iry? -dependent manner. An 
internal fragment of the P. s. pv. syringae 61 HrpZ gene 
was used to clone the hrpZ locus from P. s. pv. gtycinea 
race 4 (bacterial blight of soybean) and P. s. pv. tomato 
DC3000 (bacterial speck of tomato). DNA sequence 
analysis revealed that hrpZ is the second ORF in a poiycis- 
tronic operon. The amino acid sequence identities of 
HrpZ PHr /Hrp2 Pf:: and HrpZ Pi /HrpZ Pst were 79 and 639 ff 
respectively. Although none of the HrpZ proteins shoved 
significant overall sequence similarity with other known 
proteins. HrpZ Ps , contained a 24-amino acid sequence that 
is homologous with a region of the PopAl elicitor protein 
of the tomato pathogen. Pseudomonas solanacearum 
GMI1OO0, hrp.A. the upstream ORF. was highly divergent: 
The amtao acid sequence identities of HrpA Pt yHrpA Ps ., 
and HrpA Ps ./HrpA r „ were 91 and 28^, respectively, and 
no HrpA sequence showed similarity to known proteins. 
In contrast, the predicted products of the downstream 
ORFs in P s. pv. syringae and P. s. pv. tomato. hrpB. 
hrpC* hrpD, and hrpE showed varying levels of similarity 
to those of yscL yscj. yscK, And ysc L. These are colinearly 
arranged genes in the virC locus of Yersinia spp., which 
are involved in the secretion of the Vop virulence proteins 
via the type III pathway. The similarity of the Ysc pro- 
teins was generally stronger in comparisons with the P. s. 
pv. tomato Hrp proteins. The HrpZ proteins were purified 
by heat denaturation of contaminating pn ns followed 
by ammonium sulfate fractionation, hydrophobic chroma* 
tography, and gel electrophoresis. All three HrpZ proteins 
elicited the HR in tomato, whereas none of them elicited 
significant necrosis in soybean. The results indicate that 
HrpZ is encoded in an operon containing some of the 
genes involved in its own secretion and suggest that HrpZ 
structure does not directly determine bacterial host range. 
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Phytopathogenic strains of Pseudomonas syringae cause 
two patterns of necrosis when the bacteria invade aplant. On 
a susceptible ("compatible") host, a necrotic lesion often de- 
velops over a period of days, with necrosis spreading as the 
bacteria multiply and the plant becomes diseased. On a resis- 
tant or nonhost plant, a localized cellular necrosis is induced 
within 24 to 4S h. and bacterial multiplication is inhibited. 
This was first reported by Klemem (1963: Klement et al. 
1964 ). who observed that when high concentrations of patho- 
genic bacteria are infiltrated into an incompatible plant they 
elicit a visible necrosis which is limited to the infiltrated area. 
This reaction, called the hypersensitive response (HR). in- 
volves localized cell death and production of anti-microbia! 
compounds at the site of pathogen invasion (Bonas 1994».The 
ability of R syringae and other nontumorigenic. gram- 
negative, bacterial pathogens to elicit the HR is governed by 
hrp genes. Typical Hrp" mutants are pleiotropically defective 
in plama: They do not elicit the HR in nonhosts and they fail 
to multiply and cause disease in host plants (Lindgren et al. 
19S6) Clusters of hrp genes have been identified in many 
gram-negative phytopathogenic bacteria (Bonas 1994). A 25- 
kh hrp cluster from P. s. p\. syringae 61 is sufficient to confer 
the tobacco HR phenotype. but not the pathogenic phenotyps 
on nonpathogenic bacteria (Huang et al. 19SS). hrp genes 
have also been cloned and characterized extensively from R s. 
pv. phaseolicola NPS3I21. P. solanacearum GM1000, Xan- 
thomonas campestris pv. vesicaroria 75-3, and Envinia am\- 
hvora Ea321 (Lindgren et al. 1986; Boucher et al. 19S7: 
Beer et al. 1991; Bonas ct al. 1991). Certain hrp genes arc 
widely conserved among these pathogens, and several encode 
components of a protein secretion pathway that is similar to 
the type III pathway used by Yersinia % Shigella, and Salmo- 
nella spp. to secrete extracellular proteins involved in animal 
pathogenesis (Van Gijsegem et al. 1993). One activity of the 
/ir/j-encoded secretion pathway in phytopathogenic bacteria is 
the secretion of proteinaceous elicitors of the HR. which are 
also encoded by hrp genes. 

The first hrp -encoded elicitor characterized was harping 
from £. amylovora (Wei et al. 1992). Similar elicitors have 
since been isolated from other bacteria, including P. s. pv. sy- 
ringae 61, R solanacearum GMI1000, and £. chr\samhemi 
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EC16 (He ei al. 1993; Arlat et al. 1994; Bauer el al 1994). 
Proteins in ihis family of eliciiors share several general char- 
acteristics. They are glycine rich, heat-stable lack cysteine, 
and appear highly susceptible to proteolysis. They lack an is- 
terminal sienal peptide, but they are secreted to the bacterial 
milieu Their expression and secretion is dependent on hrp 
aenes The biolcsical role of these proteins in pathogenesis 
has not yet been determined, but the purified proteins can in- 
duce an HR on a nonhost plant such as tobacco. However, 
there are significant differences in the organization of the 
elicitor operons and the activity of the elicitors, which sug- 
gests that the £n«nifl harpins, the P. syringae hrpZ product 
and the R solanacearum popA product may represent three 
distinct classes of elicitors. In this work we will refer to the R 
s pv syringae elicitor as HrpZ Pil rather than harpm PM (He et 
al 1993) This distinction is supported by the weak similarity 
of the amino acid sequences of the four proteins, with the 
only exception being the C-ierminal halves of the Enuma 
harpins (Bauer et al. 1994). 

The location of known elicitor genes in reference to the hrp 
cluster varies in R s. pv. syringae, R solanacearum. and £ 
amxlovora. hrp.K and hrpZ are contiguous or within the hrp 
cluster whereas popA lies outside (although near) the P. sola- 
nacearum hrp cluster (Wei et al. 1992; He et al. 1993; Arlat et 
al 1994) There are no senes downstream of the elicitor gene 
in either the hrpS or the popA operons. which means that 
mutations in the elicitor genes do not have a polar cftect on 
the Hrp phenotvpe, and mutant construction is straightfor- 
ward In contrast, mutagenesis and complementation studies 
of the hrp cluster from R s. pv. syringae 61 have indited 
that hrpZ lies upstream of at least one other hrp gene within 
an operon (Huang ei al. 1991 ; Xiao el al. 1992). 

In £ amylovora and £ chrysanthemi. harpins have been 
demonstrated to be sufficient and necessary to elicit the HR. 
and mutation of hrpX in £ -amylovora has shown that harping 
is required for pathogenesis (Wei et al. 1992). However hrpS 
mutants of E. chrysamhemi can establish infections, albeit at a 
sionificanilv reduced frequence which suggests that harpin^is 
important but not essential for pathogenesis (Bauer et al. 19931. 
In contrast a popA mutant of R solanacearum is fully patno- 
eenic on susceptible hosts, indicating that PopAl is not re- 
quired for pathogenesis (Arlat et al. 1994). 

These elicitors mav play a role in controlling the host 
specificity exhibited by £. amylovora and plant pathogenic 
pseudomonads such as R syringae and P solanacearum 
However it is difficult to compare the activity of HrpZ P „ and 
harping in host and nonhost plants because legumes and ro- 
saceous plants, the hosts of R s. pv. syringae 61 and E. amy- 
lovora Ea321, respectively, respond poorly to preparations of 
any of these elicitor proteins (Wei et al. 1992: He et al. 1993). 
PopAl from P. solanacearum does appear to act in a host- 
specific manner, inducing an HR on resistant lines of petunia 
and the nonhost tobacco, but not on susceptible lines of pe- 
tunia or tomato (Arlat et al. 1994). This phenotvpe is similar 
to that of avr genes, but PopAl is distinct from known Avr 
proteins in eliciting the HR directly on resistant plants. 
Harping elicits an HR on some compatible hosts of E. chry- 
santhemu but in contrast to the other three bacteria E. chry- 
samhemi is a broad-host range pathogen and the activity of 
harping may not be representative of elicitor activity in a 
highly host-specific system (Bauer et al. 1995). 



In previous work we cloned and characterized the hrpZ 
gene from P. s. pv. syringae 61 , a weak pathogen of bean, and 
demonstrated with Southern and immunobtots that other 
pathovars of R syringae contain homologs of this gene (He et 
al 1993). This supported the hypothesis that HrpZ represents 
a family of elicitors common to all pathogenic strains of R 
syringae. We report here the isolation of homologs of HrpZp^ 
from two other experimentally important pathovars of P sy- 
ringae-R s. pv. tomato and P. s. pv. glycinea. Examining 
HrpZ from these three pathovars enabled us to look within 
this familv of elicitors for variations in sequence and activity 
which could indicate a role in host range determination. In 
addition, we characterized the two genes flanking hrpZ in R 
s. pv. syringae and P. s. pv. glycinea and the entire hrpZ op- 
eron of P. s. pv. tomato. In conjunction with an accompanying 
paper (Huang et al. 1995). this completes the sequence of the 
P. s. pv, syringae 61 hrp genes earned on pHIRll and pro- 
vides clues to the function of the genes downstream of hrpZ. 
A preliminary account of portions of this work has been pub- 
lished (Collmer et al. I994i. 

RESULTS 

Cloning hrpZ from R s. pv, tomato and E s. pv. glycinea. 

We previouslv used Southern hybridization to demonstrate 
that both P. s. pv. glycinea race 4 and R s. pv tomato 
DC3000 contain sequences homologous to a 0.75 kb BstXl 
internal fragment of hrpZ from P s. pv. syringae (He et al. 
1993). The same probe was used to screen genomic libraries 
of R s. pv. glycinea and P. s. pv. tomato. The libraries were 
constructed in £. coli DH5oc by inserting S- to 12-kb frag- 
ments from partial Sa«3AI digests of genomic DNA into the 
BamHl site of pLCPl9. The screen identified two plasmids 
with inserts of approximately 10 kb: pCPP220l {P. s. pv. to- 
mato) and P CPP2200 {R s. pv. glycinea). The same BstXl 
frasment was used to probe a Southern blot of P CPP2201 and 
pCPP">">00 digested with BamHl. EcoKL and Psth The probe 
identified two Pstl fragments of 2.2 and 2.4 kb from 
pCPP"»20l and pCPP2200 respectively (Fig. \ ). The two Pstl 
fragments were cloned into the Pstl site of pBluescript II 
SKf-) (Strataeene. La Jolla. CA^ in £. coli DH5a to create 
the plasmids pCPP2202 to pCPP2205. with the inserts in both 
orientations with respect to the lac promoter. Cell lysates of 
£ coli DH5a containing pCPP2203 {hrpZ Ps , in the vector 
promoter orientation) and pCPP2202 {hrpZ Pss in the vector 
promoter orientation) induced an HR on tobacco, but those 
from cells containing P CPP2205 {hrpZ Pn in the opposite ori- 
entation of the vector promoter) and pCPP2204 {hrpZ Pi , in 
the opposite orientation of the vector promoter) did not. HR 
activitv was retained after incubating the lysate for 10 mm at 
100 C C and removing denatured proteins by centrifugauon. 
Insensitivity to heai'treatment is a characteristic feature of 
previously isolated HR elicitors. Proteins in the lysates were 
separated on an SDS-polyacrylamide gel, transferred to an 
Immobilon-P membrane and immunoblotted with antibodies 
raised against purified HrpZ Psi . Cross-reacting proteins of a 
similar size to HrpZ,* were observed and provisionally 
named HrpZ P , £ and HrpZ*, (Fig. 2. lanes 2 and 4). 

The intensitv of the HrpZ P ,, and HrpZ Pil bands was quite 
low in comparison to the band for HrpZ^ expressed from 
pSYHIO in £. coli DH5a (Fig. 2, lane 1). This implied either 
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that expression was low due 10 the distance of the cloned 
gene from the lac promoter or that HrpZ Pjg and HrpZ Pst did 
not hybridize strongly to the antibodies. A band correspond- 
ing to HrpZ Psj from pSYHlO could be clearly seen on a 
Coornassie-stained gel, but the bands for HrpZ PiF and HrpZ Pil 
were indistinct, which implies that low expression was a pri- 
mary reason for the low signal. In an attempt to improve the 
level of expression of HrpZ Pl6 and HrpZp 5 , we subcloned EcoKl- 
BamKL fragments containing the inserts from pCPP2202 and 
pCPP2203 behind the T7 promoter of pET21(+) in £. coli 
BL21(DE3) to create the plasmids pCPP2206 and pCPP2207. 



The T7 promoter enabled a moderate improvement in protein 
expression (Fig. 2, lanes 3 and 5). 

A common arrangement of ORFs in the hrpZ operons of P. 
s t pv. syringae > P. s. pv. glycinea y and P. s. pv. tomato re- 
vealed by DNA sequence analysis. 

Previously, we determined the complete nucleotide se- 
quence of hrpZ from P. s. pv. syringae by sequencing a 1.4-kb 
subclone of pHIRll (a cosmid containing the entire hrp 
cluster from R s. pv. syringae) (He et al. 1993). In addition, 
analysis of the complementation groups and transcriptional 
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units of pHIRU using TnphoA and Tn5-£NsAl mutagenesis 
(Huans et al. 1991: Xiao et al. 1992) suggested that hrpZ lay 
within^ an operon. upstream of at least one other hrp gene. 
Further subclones of pHIRl 1 were used to determine the se- 
quence of the entire hrpZ^ operon (this study. Huang et al. 
1995). We also determined the sequence of (i) the 2.2- and 
2.4-kb Psd subclones from pCPP2201 (hrpZ ?il ') and 
pCPP°200 (fcr/?Z P *), (ii) an overlapping 3.7-kb Sacl-EcoRl 
subclone from pCPP2201 (designated pCPP2209). and (iii) 
part of an overlapping 3.6-kb subclone from pCPP2200 
(designated pCPP2208). as shown in Figure 1. This yielded 
the sequence of the entire P s. pv. tomato hrpZ operon and 
the first half of the P. s. pv. glycinea operon. The sequenced 
region of P. s, pv. sxringae and P s. pv. tomato extends from 
hrpS (Xiao et al. 1994). through the hrpZ operon to the be- 
ainninc of the hrpH operon f Huang et al. 1992). demonstrat- 
ing that the organization of this region of the hrp cluster is 
conserved in both pathovars. 

Codon preference analysis of the DNA sequence, using P. 
s. pv. sxringae codon usage data, predicted that hrpZ was the 
second'of six ORFs. all oriented in the same direction, an ar- 
rangement conserved in R s. pv. tomato and at least the first 
four ORFs rf P. s. pv. glycinea. The sequence of the noncod- 
in<: DNA is shown in "Figure 3. Five of the six ORFs have 
clear potential ribosome binding sites. The fifth ORF has a 
putative ribosome binding site in P s. pv. syringae. but the 
site in P s. pv. tomato is less clear, the initiation codon shown 
beine selected by alignment with the ORF in P. s. pv. syrin- 
s>ac.^ In the absence of recognizable terminator elements 
downstream of the first five ORFs it seems likely that the six 
ORFs represent a single operon. transcribed from upstream ot 
the first ORF. The five predicted ORFs were provisional^ 
named hrpA through hrpE. as shown in Figures 1 and 3. 



kD 1 2 3 4 5 6 7 

30.6 — 
17.8 — 



Fig. 2. ImmunobiOl shewinc expression of cloned hrpZ in E. coli. Cul- 
tures were grown in LM to an OD^ of 0.8 to 1.0 at 30*C. collected by 
centrifugation and resuspended in 5 mM MES. pH 5.5. For lanes ?. 5 
and 7, and -J. TT expression was induced with I mM IPTG when the 
celis reached an OD*,. of 0.6. 3 h prior to collection. The cells were dis- 
rupted by sonication. and the crude lysate was partially purified by re- 
moval of the msoi.-Ie fraction after incubating the samples at 100°C for 
10 min. SDS-load:ns buffer was added and the samples were incubated 
at 100°C for 2 min The proteins were resolved by SDS-polyacryl amide 
gel electrophoresis. Following electrophoresis the proteins were trans- 
ferred to Immobtlon-P membrane (MiUipore, Bedford. MA), probed with 
anri-HjpZpu anybodies and visualized with goat ariu-rabbit antibody con- 
jugated with alkaline phosphatase. Lanes: 1. E. coli DH5a <pSYHl0) 
(HrpZftJ; 2. £. coli DH5a (pCPP2202XHrp2>^) 3. £. coli BL2UDE3) 
(pCPP2206ifHrpZfV; a. £. coli DH5a (pCPP2 203X1^^); 5. E. coti 
BL2KDE3) ipCPP2 207KHjpZ Pn ): 6. E. coti DH5a (pBluescript II): 7. E. 
coli B L2 1 (DE3 )t pET2 1 * ). 



A hrp/avr promoter consensus sequence lies upstream 
of the hrpZ operons of the three P. syringae pathovars. 

The conserved sequence GGAACC — 16bp — CCACNNA 
lies 50 bp upstream of the initiation codon of hrpA in all three 
pathovars (Fig. 3). This motif has been identified in the pro- 
moter regions of many a\ r and hrp genes (Innes et al. 1993; 
Shen and Keen 1993), and appears 10 be involved in positive 
regulation by HrpL, a putative alternative sigma factor which 
is itself positively regulated by HrpR and HrpS (Xiao and 
Huicheson 1994). HrpL is a member of a family of alternative 
sigma factors, many of which are involved in secretion of ex- 
tracellular factors in response to environmental stimuli 
(Lonetto et al. 1992). The presence of this promoter motif 
further supports the suggestion that the six ORFs form a sin- 
gle transcriptional unit which is regulated in a /trp-dependent 
manner. This motif can also be found beyond hrpE. upstream 
of hrpFCH in P, s. pv. syringae and P s. pv. tomato, as indi- 
cated at the bottom of Figure 3. suggesting that the latter 
three ORFs form' an independent hrp- regulated transcriptional 
unit in these two pathovars. 

Comparison of the HrpZ proteins of the three 
P. syringae pathovars. 

The predicted amino acid sequences for HrpZ from each of 
the three pathovars are aligned in Figure 4. Although the 
proteins migrate slightly anomalously on an SDS polyacry- 
lamide gel." the refative sizes of the estimated molecular 
weights "correspond to the predicted values, with HrpZ P , : pe- 
ine "the largest of the three proteins <36.5 kDa). followed by 
HrpZ F ^ (35.3 kDa) and HrpZ P „ (34.7 kDa). Amino-terminal 
sequencing of the first 10 to 15 residues of purified HrpZp^. 
and HrpZp< ; confirmed the predicted initiation codons of both 
proteins, which aligned with the stan codon of HrpZ P ^ as 
shown in Figures 3 and 4. The proteins expressed in £. coli 
appear to be the same size as those recovered from the super- 
natants of P. s. pv. glycines and P. s. pv. tomato, indicating 
that the cloned gene is intact and that there are no large post- 
radiational modifications or deletions of HrpZ taking place 
in P syringae but not in £. coli. 

The amino acid sequence of HrpZ Psf is quite highly con- 
served with respect to UrpZ P ^ having 879c similarity and 
79*7c identity, HrpZ Pil is less conserved with respect to the two 
other proteins, with 759r similarity and 63<7r identity to 
HrpZp Js . However, the physical features of HrpZ P , t and 
HrpZ Pst are almost identical to those reported for HrpZ P „ (He 
et al. 1993). All three are glycine-rich proteins lacking cyste- 
ine and tyrosine- HrpZ Pjl is the most glycine rich, being 
15.77r glycine. The pre*! -ins lack the hydrophobic signal se- 
quence used to target proteins for secretion via the Sec export 
pathway (Pugsiey 1989). Analysis of the amino acid sequence 
fails to identify any obviously significant secondary' structure, 
which is consistent with their sensitivity to proteases, and 
supports the suggestion that they adopt a fairly open structure 
in aqueous solution. 

In our previous analysis of HrpZ Psi (He et al. 1993), we 
noted the presence of two sets of short, direct repeals. Only 
one of these repeats. GGGLGTR is conserved in the three 
proteins, with the substitution of a serine for threonine in the 
first repeat of both HrpZ Pl? and HrpZ Psi . The significance of 
these repeats, if any. is unknown. A database search with each 
of the three proteins using the BLAST algorithm (AUschul et 
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syringae TTTTTTGCAG AAGATCTGGA ACCGATTCGC GGACACATGC CACCTAGCTP 

glycinea TTTTTTGCA. GAGCGCTGGA ACCGATTTAA GGGTCGTTAC CACTA TCTG 

tomato TTTTTTGCAA AGACGCTGGA ACCGTATCGC AGGCTGCTGC CACTAGTGAG 

syringae TACCAAGCAA TTACGCTGGT ACAGACGAAG GGGTATGACG TTATG 

glycinea TACCAAGCAA TTACGCTGGT ACAGACCAAG GGGTATCACG TTATG - - 

tomato TACCAAGCAA TCACGCTGGT AAATCTTAAG GGG CATC AAA TCATG - - 



syringae --321bp-«- T^ATTTCTTG . ACGCCCCTTC 

glycinea ---hrpA--- --321bp—- T £l ATTT CTTG A ATGCCCCCAT 

tomato - -336bp T-: AATTATTTCT GATTGCCCCC 

syringae ATACCTGAGG GGGCTGCTAC TTTTAGGAGG TTGTG ATG T""" 

glycinea CACACAGAGG GGGCTGCTAC TTTG AGGAGG TTGTG TLTG 

tomato TCATCAGAGG GGGCCGCTAC CTTG GGATGG GCGTTTTATG 

= > < = = = === = = ■ 

syringae --102 0bp-- - 

glycinea hrpZ --I032bp-- - 

tomato - - I107bp- - II "_~ 

syringae — 

glycines 

t orr.a to ~ 

syringae T G A C C G A C AA CCGCCTGACG GAGAACTCAC GTG 

glycinea TGACT3ATAC CCGCCTGACG GAGAACTCAC GTG ---hrpB--- 

tcmatO TGACTGACAG CCGCCTGACG GAGAACCAGT GTG - 

syringae --3£9bp--- TAG AG G TTTC CGTG 

g-ycmea --2=?bp-~- TftGAGG TTCT CGTG 

tcmat c --3£Sbp T AGAGG TTTC CGTG 

syringae --SClbp 

glycinea hrpC incorr.tr-lete 

torr.atc --SClbp 

syringae TGATG GACCTGACCG C CG A G G A C T A TTGGACTC L G 

tOT.azc A TGATG AGCCTTTCTG CCGAGGATCA CTGGATTCAC 

syringae TGGTGGTGCA ATCCCTG3CC ATGG 3 CGC AT CCGGGCTGGG AAAGCCG3TT 
TGG. GG_ GCA ACCCCTGGCA GTGGGCACAT TCGGAGTGGC ATGACCGATT 

syringae CG" GAG CGC TGCGGACTGA CCGTCA3CGA ATGT GAAG CC C TTATG 

terr.atc CGC C AA C G C T CGTGGGTT^.Z CGGTCAGTGA CTGZ G^ZG CG CTCATG 

syringae hrpD --356bp 

tcxarc - - 3S6bp 

syringae TGA 3 TAT . . CCC-CTCCTC TCTGCACCAG GAATTCTCCC ATG- - 

torr.stc - - TGA^.TCCG AACCAGCTTC TCTGCATCAG GAATACGCCC ATG 

syringae hrpE--- --576br> — r 

to-ato --576fop--- 4^A 

syringae AACAGACT C TTGCGGCGAA AATGGAACCG CTCCACCTG-r 

tomatc TACACACTCT CTGCACTCAC TTGATCGCAT GATGGAACCG CTCGGCGGGT 

syringae TTGCTCCACT CAAGGTTTGA ACCTTTCTGC TGGAGTATCA GGACa-TG 
tomatc TTGCTCCACT CAAGGTTTGA ACCCTTCTGC TGGAGCACCA GGACATG 



^ wu££ EI^orr':? ^TV* hr?Z 0pCr ° n fr ° m Pv. syrinx P. pv. sMlieA and /> P v 

X^nd? ^ 0pe T W fV ,,pned usin * lhe PILEUP al * orithm «*neuc $ Computer Group. For R s. pv. ,v- 

"ndcrlmed. « shon mvened repea! upstream of hrpZ is also ind.catcd u-ith dashed r 



j arrows. 
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al. 1990) did noi find significant homology to any other bac- 
terial proteins, with the exception of a single, glycine rich re- 
gion found only in HrpZ Psl (Fig. 4). This stretch of 24 amino 
acids has homology al both the nucleotide and amino acid 
level to a region of the host-specific elicitor PopAl from E 



solanacearum, as shown at the bottom of Figure 4. There is 
no overall similarity of the amino acid and nucleotide se- 
quences of HrpZ to the HR elicitors characterized from E. 
amvlovora, E. chrysanthemi, and P. solanacearum except to a 
degree accounted for by their similar composition. 
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G2CGGCATCGGCGCGGGTGC-CGGT3GCGGTGGCATTGGCCK3GGCGGGTTCTG3TTCG^GTG-CGGTGGCGGTC 

C-GCGCCGGCGGCGCGGGTGGCGGTGTCGGCGGTGCTGGTGGCGCG 
Hrp2 AGXGAGGGGGGGGGXG SGSGVGGGLS S D KrpZ 
PopAX GAGGAGGGVGGAGGADGGSGAGGAGGAK PopAl 



Fig. 4. Alignment of ihe protein sequences of HrpA and HrpZ. The predicted protein sequences of HrpA and HrpZ from Pseudomonas sxnngae pv. sy 
ringae. P. s. pv. glxcinea. and P. s. pv. tomato were aligned using the PILEUP algorithm (Genetics Computer Group). The alignment of a unique glycine 
rich region of HrpZ^. with a homologous region of PopAl from P. solanacearum is also shown. 
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The predicted HrpA protein of P. s. pv. tomato 
differs substantially from that of E s. pv. syringae 
and R s. pv. gtycinea. 

The first ORF of the hrpZ operon starts 50 bp downstream 
of the conserved hrp/avr promoter motif, as shown in Figure 
3. The predicted product is a small (11 kDa). hydrophilic 
protein with a hydrophobic N-terminus. An alignment of the 
amino acid sequences from all three pathovars is shown in 
Figure 4. Although the predicted sequences of HrpA from R 
s. pv. syringae and R s. pv. glycinea are highly conserved, 
with 929c similarity and 91 9c identity to each other, HrpA 
from R s. pv. tomato is quite divergent, having only 429!- 
similarity and 289r identity to HrpA from R 5. pv. syringae 
The presence of a ribosome binding site and the highly con- 
served character of HrpA in two of the three pathovars sup- 
ports the hypothesis that HrpA is translated. T7 polymerase- 
dependent 'expression of hrpA (described below) provides 
further evidence for production of a HrpA protein. Cell 
lysates of E. coii expressing only HrpA did not elicit the HR 
on tobacco fdata not shown), which suggests th.3; it does not 
contribute directly to the HR. The role of HrpA in the bacte- 
rium is unknown, and it shows no significant homolog} to 
any previously characterized proteins. 

T7 expression studies. 

T- confirm the production of proteins corresponding to the 
two sets of newly cloned hrpA and hrpZ genes, the Bgl\\-Ps\\ 
fragments from 'p. s. pv. glycinea and R s. pv. tomato were 
subcloned into pET2h-i an J the products spccificalh la- 
belled b\ T7 promoter/polymerase-dcpendent expression in 
£ coii BL2UDE3) cell? incubated with [ 7? S]-methiomne 
(Siudier ci al. 1990k Radiolabeled proteins in the eel! hsate 
were anaivzed b> SDS-poIyacrylamide gel electrophoresis 
and autoradiography (Fig. 5 ). Lysates of cells containing 
pCPP22l! dispb>ed unique bands which corresponded well 
with the predicted molecular weigh: of HrpA M 1 .5 kDa> and 
were consisted with the previous!) observed mobility of 
HrpZ*,. (Fig. 5. lane 2i. Lysates of cells containing pCPP2210 
contained band> corresponding to HrpZ;,., (36 kDa» and HrpA 
ill kDatfFic. 5. lane Tm. No HrpB band was visible in the 
products of pCPP22M (Fig. 5. lane 2i. but this could poten- 
tiailv be attributed to the omission of cysteine, which is not 
required for HrpA and HrpZ synthesis, from the amino-acids 
added to the reaction mixture. T7 expression of HrpB was 
independently confirmed for both R s. pv. syringae and P. s. 
pv tomato usinc a O.S4-kb PstVAgcl fragment of pHIRl 1 and 
the 3.7-kb Socl-EcoRl fragment from pCPP2209. subcloned 
into LITMl'S 2S to construct the plasmids pCPP230? and 
pCPP2304. T7 expression in E coii BL21(DE?> cells was 
performed as outlined above and in Figure 5. In caeh case a 
protein of about 13 kDa was observed, which corresponds 
well with the predicted molecular weight of HrpB from each 
of the two pathovars (data not shown). In an accompanying 
study Huang et al. (1995) have confirmed the production of 
proteins corresponding to HrpC. HrpD. and HrpE from P. s. 
pv. sxringac 61. The similarities between the three pathovars 
suggest that the equivalent ORFs in R 5. pv. glycinea and R s. 
py, tomato also encode proteins. However when we inde- 
pendently confirmed the production of HrpD from R s. pv. 
syringae 61 using a 1.3-kb SoR-Sacl subclone from pHlRll 
cloned into pT7-6 <pCPP2305i our results suggested the use 



of an alternative initiation codon to make a larger (21 kDa) 
HrpD protein (data not shown). In the absence of a strong ri- 
bosome binding site at either of the putative initiation codons, 
the exact size of HrpD remains uncertain. 

The four ORFs downstream othrpZ show varying 
similarities to Yersinia Ysc proteins. 

The hrpC, hrpD, and hrpE genes downstream of hrpZ in R 
5. pv. syringae 61 have been sequenced and the products 
identified using T7 polymerase-dependent expression (Huang 
et al. 1995). Two of the predicted proteins, HrpC and HrpE, 
were shown to be homologous to the proteins YscJ and YscL, 
respectively, which are encoded in the virC operon of Yersinia 
enterocolitica and are involved in the type EQ secretion path- 
way (Michiels et al. 1991). Homologs of YscJ have also been 
found in the hrp clusters of several other phytopathogenic 
bacteria, including P. solanacearum and X. campestris 
(Fenselau et al. 1992: Gough et al. 1992). Additional ho- 
mologs are Salmonella typhimurium FliF and Rhizobium 
fredHKoXY (Jones et al. 19S9. Meinhardt et al. 1993). The 
same four downstream ORFs are found in R s. pv. tomaw, 
and the partial sequence of the operon from P. s. pv. glycinea 
confirms the presence of the first two of these ORFs, hrpB 
and hrpC, in this paihovar (Fig. 6). 

HrpB is fairly conserved in all three pathovars. as shown by 
the alignment presented in Figure 6. It encodes a small serine- 
rich protein of approximately 13 kDa. BLAST searches using 
HrpB from either R s. pv. syringae or P. s. pv. glycinea iden- 
tified no significant homologies, but a search using HrpB 
from R s. pv. tomato identified similarity to the Yersinia pro- 
tein. Yscl. YscI is 1 15 amino acids long, thus slightly shorter 
than HrpB (127 amino acids), yscl lies immediately upstream 
of xscJ in the virC operon. which suggests th3t the down- 
stream ORFs of the hrpZ operon might be colinear with a re- 
gion of the virC operon. 



kD 

79.5 — 

45.0 — 

36.0 — 

26.9 — 
18.0 — 

7.7 — 




Fig- 5. T7 polymerase -dependent expression and radiolabeling of HrpA 
and HrpZ. T7 promoter/potvmerase expression was carried out using ihc 
pET2l(+) v cior svsiem in E coii BL2UDE3). Cells were grown in LM 
to an OD^u. of 0.5. then ccnirifuged and resuspended in M9 minimal 
medium supplemented with 0.01% amino acids (lacking methionine and 
cvsteincj glucose and thiamine. Cells were incubated at ?0=C for ? h 
and then induced with 1 mM IPTG for 10 min. followed b\ incubation 
with rifampicin at 300 pg/ml for ?0 min. Cells were incubated with 10 
MCi t ,? Sl-methionine for 10 min. hsed in SDS-loading buffer, and the 
proteins were separated b\ SDS-polyacrylamide electrophoresis and 
visualized bv autoradiocraphv E. coh BL21(DE3i cells earned in* lol- 
lowing plasmids in lanes: 1. pET2 Jl + i: 2. pCPP221 1; 3. P CPP2210. 
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The apparent colinear arrangement of this group of hrp and 
vjc -enes led us to inspect the P. s. pv. synngae and P. s. pv 
l^HrpD proteins for possible scanty to . ,N £r»*« 
spp YscK proteins. The similarity between the HrpD ot Rs 

Wof the amino acids identical and 57% s.rmlar. The HrpD 
fd Y K proteins are of similar overali 
th-v lack anv predicted transmembrane segments. However 
tre is a string discrepancy between the = s.zes c , th e wo 
Proteins. HrpD is only 133 amino-ac.ds long, whereas Ysc^ 
from Y. pseudowbercutosis is 209 amino-acds long. From he 
T^xpenments described above it is important to note that m 
7he absence of a strong ribosome binding site, the prec.se ,m- 
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G v' '-> - 
G v D v 



tiation codon of the hrpD ORF is uncertain; it is conceivable 
that hrpD actually initiates immediately downstream ot hrpC. 
at the \TG codon which overlaps the stop codon of /irpC, 
which would yield a predicted protein of 176 amino adds for 
HroZp or 175 amino acids for HrpZ Pjs in an arrangement 
similar to that of the yscJ and yscK ORFs in Yersinia spp. 
However, this codon and all other potential Initiation codons 
upstream of the one we have chosen lack ribosome binding 
sites, and the pattern of codon usage suggests that the inter- 
genic region is not translated. „ 
Although the similarities between HrpB/YscI, HrpD/YscK. 
and HrpE/YscL are lower than those involving HipCAscJ. 
the similarities of HrpB/YscI and HrpE/YscL are clearly m- 
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dicative of probable homology as based on a difference be- 
tween the scores for the optimized and the average of 100 
random Gap alignments being at least 5 times the standard 
deviation for the randomized alignments (Doolittle 1986). 
The scores for HrpDA'scK lie at the margin of significance 
bv this measure- However, the varying levels of similarity are 
consistent with the divergence observed between Hrp proteins 
from different P. syringae pathovars and between Ysc pro- 
teins from different Yersinia spp. The results for HrpB.C and 
E lend support to the weak homology of HrpD to Ys-l-K and 
suceest that hrpB. hrpC. hrpD. and hrpE are colinear with 
yscL yscJ. yscK. and yscL. 



In a recent report, Van Gijsegem et al. (1995) observe that 
the P solanacearum GMI1000 hrp cluster also encodes ho- 
mologs of YscJ and YscL but not YscI and YscK. It is possi- 
ble that with relatively divergent Hrp sequences, similarities 
with Ysc proteins may be found only after examining the se- 
quences from several plant pathogens. It is interesting to note 
that there is no ORF following hrpE that is homologous to the 
protein encoded by the final gene of the virC operon, YscM. 
However, the hrpZ operon lies immediately upstream of the 
hrpH operon (Fig. 1), and HrpH is a homolog of YscC, a se- 
cretion protein which lies upstream of ysclJKL within the 
virC operon (Michiels et ah 1991). This suggests that a sig- 
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nificant proportion of the virC operon is conserved in P sy- 
ringae. albeit in a rearranged form, Eckhardt (1978) gels of 
iotal DNA. Souihern-bloued and probed with a 0.75-kb Bj/XI 
internal fragment of hrpl^ suggested that the hrp genes are 
chromosomal in the three strains of P syringae studied, rather 
than being plasmid-bome as are the hrp genes of P. solana- 
cearum GMI1000 or the ysc genes of Yersinia spp. (Van 
Gijsegem et al. 1993; data not shown). The homologies of the 
/irpZoperons are summarized in Table 1. 

Overexpression, purification, and biological assay- 
on! rpZ Pjt and HrpZ Psr 

Partially purified hsates of E. coli expressing HrpZ Psl and 
HrpZ Plc elicited a clear HR on tobacco while control lysates 
of £. coli containina vector alone did not. However the activ- 
ity of the cell hsates on the two host plants was more am- 
biguous. Sovbean is generally unreactive to celt lysates from 
either patho'een. while tomato is quite sensitive and some- 
times weaklv reactive not only to cell lysates of E. coli ex- 
pressing HrpZ. but also to control lysates of £. coli comain- 
ino vector alone. To accurately evaluate the biological prop- 
erties of HrpZ from each of the two pathovars, it was neces- 
sary to purify HrpZ. It was also necessary to ascertain that the 
HR observed on tobacco was due solely to HrpZ and not to 
the products of either of the two Hanking ORFs. HrpA and 
HrpB. since HrpA and a fusion protein of HrpB were being 
expressed in addition to HrpZ by the original hrpZ Vs% and 
hrpZpy clones. 

As a first step towards purifying HrpZ, we attempted to in- 
crease the level of expression. From the sequence of the Pstl 
clones encoding hrpZ it was clear that long stretches of DNA 
encodinc hr P A and the 3' end of hrpS (l.U-i bp in hrpZ^' 
P CPP2202 and 809 bp in hrpZ Pi r P CPP2203j separated hrpZ 
from the lac promoter in pBluescript II. A series of deletions 
of the 5' end of the hr P Z ?i , clone were constructed using the 
Erase-a-Base svstem (Promeca). bringing the lac promoter 
within 100 bp'of the hrpZ initiation codon. and removing 
hrpA. Although cell lysates expressing the deleted clones re- 
tained HR eliciting activity, they did not show a substantial 
increase in gene expression. Searching lor an explanation for 
this behavior we identified a number of potential contributing 



factors. The first possibility was the presence of a exacting 
sequence contained in the 100 bp remaining upstream of 
hrpZ Pn . Using a terminator analysis program we identified a 
9-bp inverted repeat located between hrp A and hrpZ (Fig. 3). 
Although this repeat lacks the AT-rich sequence downstream 
which is characteristic of many terminators, it is possible that 
its presence encourages premature transcription termination. 
Similar repeats, albeit with weaker secondary structure, can 
be found upstream of hrpZ Psi and hrpZ ?sr A second factor 
contributing specifically to the low expression of hrpZ PiX may 
be the absence of a strong ribosome binding site. Finally, 
there could be factors related to the proteins themselves, such 
as a lack of stability. 

To eliminate possible cis-acting sequences and to obtain 
clones of hrpZ Psi and hr P Z 9H that lack hrpA and hrpB. the 
hrpZ genes from both pathovars were amplified by PCR. di- 
rectionally cloned into pBluescript U and transformed into £. 
coli DH5a ?'tad'. We obtained significantly increased ex- 
pression of HrpZ P . f using the plasmid P CPP2255 (Fig. 7). but 
unexpectedly, overexpression of HrpZ PM appeared to be dele- 
terious to the cells, and plasmids recovered from transfor- 
mants often showed rearrangements. To maximize expression 
of HrpZpy under these conditions, we introduced subclones 
containing the gene behind the T7 promoter of pET21(+) 
(Novagen. Madison, Wlj. L'nlike the lac promoter, the T7 
promoter is less sensitive to distance effects, and expression 
of HrpZ Pi! in £. coli BL2 1(DE3>. with pET21(+> as the vector, 
resulted in increased expression as shown in Figures 2 and S. 
Expression in BL21<DE3) also allowed us to retain almost 
complete repression of hrpZ until induction with IPTG. Good 
expression of HrpZ F . ; was achieved using the plasmid 
pCPP22l 1 in E. coli BL2WDE3). 

The quality of the samples obtained following partial puri- 
fication of the lysates by heat treatment was quite variable. To 
ensure removal" of the majority of the contaminating proteins 
and to obtain a more concentrated sample of protein, we fur- 
ther purified HrpZ by ammonium sulphate precipitation and 
hydrophobic chromatography, which as indicated in Figure S. 
yielded a distinct band on a Coomassie-siained gel. Purified, 
active HrpZ could then be obtained by eleetroelution from 
excised sel slices. This procedure was also used to isolate 



Tabic 1. Homologies of Psfudontonas syringe pv. syringe ftrpZoperon proteins with proteins from other P. syringe* 
R s, pv. syringae 



pathovars and Yersinia spp. 



HrpA 
(108)" 



HrpZ 
(341) 



HrpB 
(124) 



HrpC 



P. s. pv. glycine a 
P. 5 pv. tomato 
Y. en:croco!iiica 

Y. pseudotuberculosis 



(103) 
91/92* 
(1081 
28/42 



(345) 
79/S7 
(370) 
63/75 



(124) 
94/96 
(1241 
6S/S0 
Ysc I 
(115) 
22/45" 
24/45 
tU5) 
22/45 
21/44 



HrpD 

(133)" 



HrpE 
(193) 



(26S) 


(133) 


(193) 


90/95 


7S/S7 


76/S7 


YscJ 


YseK 


YscL 


(244) 


(203) 


(223) 


35/59 


26/53 


21/47 


3S/60 


22/43 


22/46 


(244) 


i:o9> 


(221) 


35/59 


28/57 


21/47 


38/60 


23/49 


22/46 



■ Number of amino acids in the protein is given in parentheses. 
h Percent identical and similar amino acids in comparison with the P. s. pv. syringae protetn «- on( i are i n comoarison 

< TheTret pair of values are the percent identical and similar amino acids in comparison with the P. s. pv. syringae pro«m. the second are in comparison 

* The'dlta- p^S°n«e are for the shoner of two potential ORFs encoding HrpD. The larger versions of the HrpD proteins of P. , P v. synngae and 
R s. F v. tomato would be respectively 175 and 176 amino acids long with 74/84* identity/similarity to each other. 
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HrpZ from the supernal ants of P s. pv. tomato and P s. pv 
glycinea grown in h ^-inducing minimal media (Fig. 9). 
Preparations of the purified HrpZ proteins from P. s. pvs. sy- 
ringae, glycinea, and tomato, at a concentration of >20 |iM in 
MES buffer, were infiltrated into the leaves of tobacco, soy- 
bean, and tomato. The three proteins elicited a collapse in- 
volving >5§7e of the infiltrated tissue in tobacco and tomato 
leaves that developed within 18 h and was typical of the HR 
elicited by incompatible P. syringae strains, but they caused 
no visible reaction in soybean. It is worth noting that tobacco 
and tomato plants vary substantially in their sensitivity to 
harpin preparations. For example, some leaves on sensitive 
tomato plants will respond to 2 to 5 fiM HrpZ PH . but >20 uM 
is required for consistent results. Furthermore, unlike tobacco, 
tomato plants that have responded hypersensitively to a HrpZ 
preparation do not respond to subsequent infiltrations of the 
elicitor. The spurious necroses sometimes observed were de- 
duced to result from mechanical damasre incurred during infii- 
tration or the infiltration of preparations contaminated with 
salts or containing hich concentrations of vector control E. 
cofi ]\ sates. These necroses developed much more quickly 
(within 4 to 6 h). and were much weaker and patchier than the 
confluent HR elicited by HrpZ The fact that the HR induced 
by HrpZ in tomato and tobacco is an active response of host 
tissue was confirmed by coinfiHr3tion of either sodium va- 
nadate at 5~- x \Q~ } M or lanthanum chloride at 1 x 10 M. 
Each of these two inhibitors of plan; metabolism completely 
inhibited the HR elicited b> HrpZ preparations from each of 
the three pathovars but no: the necrosis caused by the other 
factors mentioned. 



ORFs within the operon, the presence of genes downstream 
of hrpZ that are colinear with a block of genes involved with 
Yersinia virulence protein secretion, and the presence in 
HrpZpj, of a sequence related to a sequence in the PopAl 
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Fig. 8. Overexpression and purification of HrpZ Pi .. Cultures were grown 
to an OD,,!,. of 0.6 and induced with 1 mM 1PTG. HrpZ Pl; was then par- 
tially purified from the cell lysaic in a three-step process: first, by heat- 
treatmcni ai 100°C as previously described, then by precipitation with 
ammonium sulphate at 30 to 45f* saturation, and finally by binding to a 
hydrophobic resin (phcnyl-sepharose) at 30^ ammonium sulphate. A, 
Cocmassie stained SDS-polyacrylamide gel. Lanes: I. E. coi\ 
B L2 1 (DE3XpET2 1 ■*): 2. £. 'coH BL2l(DE3HpCPP22H ). B t lm- 
munohlot of the samples shown in A. probed with anti-Hrp2 P „ antibod- 
ies and visualized with goat anti-rabbit antibody conjugated with alka- 
line phosphatase. 



DISCUSSION 



kD 
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We have used the P. s. pv. syringae 61 hrpZ gene to isolate 
the hrpZ locus from P. s. pv. glycines race 4 and P. s. p\. to- 
mato DC3000. Characterization of the lirpZ genes, products, 
and flanking DNA of ihesi three pruhovar* has revealed the 
structure of th~ hrpZ operon. the relative variation among 
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Fig. 7.' Overexpression of HrpZp fF in E. cot: DH5(X F'iacfi. Cultures 
were crown overnight at ?0'C in LM with I mM IPTG. Cell hsate? 
were panialh punfted b> hea: treatment separated on an SDS- 
polyacrylamide gel. transferred to Immc w ' n-P. immuncbleited with 
anti-HrpZp„ antibodies, and visualized goat ami-rabbi; an:ibod\ 
conjugate J with alkaline phosphatase. Lane- 1. E. cttd DH5a T'icuF 
.pCPP::55K 2 E. co!i DH5a F /arA 1 (pBlue script lit. 



71.0 — 
30.6 — 

Fig. 9. Purification of HrpZp,, from fc^-induced Pseudomonas syringe? 
pv. toman*. Cells v. ere crown in Kind's broth (KB) at 30 r C and then 
resuspended in /i-7>-ind urine minimal medium (Huynh et a!. 19S9) and 
incubated a; room temperature overnight. Cells were removed by cen- 
trifugaiion and the supernatant heat-treated at 100 = C for 10 min. Pro- 
teins in the supernatant were precipitated with ammonium sulphate at 
the percent saturations indicated. Proteins were desalted, concentrated, 
and resuspended in 5 mM MES using Ceniricon-10 tubes (Amicon). A, 
Coomassie stained SDS-polyacrylamide gel. Lanes: 1. supernatant ex- 
tracted with Straiaciean resin (Straiagene). 2. heat-treated supernatant 
extracted with Sirataelean resin (Stratagene): 3. 0 to 20** ammonium 
sulphate fraction: 4. 20 to 305c ammonium sulphate; 5. 30 to 40*k am- 
monium sulphate: 6. 30 to 455£ ammonium sulphate. B, Immunoblot of 
the samples shown in A. probed with anti-HrpZ Pis antibodies and visual- 
ized with goat ami -rabbit antibody conjugated with alkaline phosphatase. 
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protein of the tomato pathogen P. solanaccorum GMI1000. 
We also observed that purified HrpZ Pil was at least as effec- 
tive as HrpZ ?sl and HrpZ Plf in eliciting an HR-like necrosism 
the leaves of tomato, a host of R s. pv. tomato DC3000, 
whereas none of the HrpZ preparations elicited significant 
necrosis in soybean, the host of R s. pv. glyanea. 

The HrpZ proteins of three P. syringae pathovars. 

A comparison of the sequences of the three HrpZ proteins 
with each other and with HR eiicitors characterized from 
other bacteria indicates that the HrpZ proteins represent a 
distinct family of eiicitors that is conserved among R syrin- 
oae pathovars. The amino acid sequences of the three proteins 
are sufficiently similar to reveal their relatedness. but (with 
the exception of a sequence within HrpZ Psl ), they show no 
significant relatedness to elicitor proteins from other bactena. 
imcrestinslv. hrpZ is the second most divergent ORF in the 
hrpZ operons of P. s. pv. syrmgae and R s. pv. tomato with 
onlv 63% of the predicted amino acids being identical. Never- 
theless. HrpZ P , s , HrpZ P5? . and HrpZ Pi( are indistinguishable in 
several biological and physical properties. They have the 
same effect on different plants (discussed below), and they are 
heat stable, glvcine-rich, and devoid of cysteine and tyrosine. 
The lack of tv'rosine is a feature they differentially share with 
the P solanacearum PopAl protein but not the Emma 
harpins. This property has been speculated to allow the pro- 
ton to avoid the H-0 : -mediated cross-linking of tyrosine 
residues that mav occur in plant cell walls during defense re- 
sponses (Bradlev et al. 1992: He et ai. 1993). 

Interesting, a 24 amino acid, giycine-nch stretch of 
HrpZ Psl sho*s homology to part of PopAl . as does the cog- 
nate nucleotide sequence. The region of homology between 
HrpZp n and PopAl corresponds exactly- to the insertion in 
HrpZpl The insertion of this element within HrpZ Psi se- 
quences that are otherwise similar among the three HrpZ 
proteins suesests horizontal transfer and a common ancestry 
with PopAl" Because the host range of R solanacearum 
overlaps with that of P. s. pv. tomato, it is tempting to specu- 
late that this resion has some particular significance to patho- 
cenesis on tomato, although, as discussed below; this is not 
obvious from the different effects of the two proteins on tomato. 

The presence of this insert in active HrpZ Pil is another indi- 
cator of the apparent plasticity of structure/function relation- 
ships in these glvcine-rich elicitor proteins. That significant 
changes to the structure of these proteins does not abolish 
thei/activity was previously demonstrated when a fortuitous 
hrpZ^ clone was found to produce an active derivative of 
HrpZ missing the N -terminal 125 amino acids, and the pop A 
product was~observed to be degraded in culture to an active 
form missing the N-terminal 93 amino acids (He et al. 1993; 
Arlat et al. 1994). Clearly the presence of this "additional" 
interna! sequence does not diminish the ability of the protein 
to elicit the HR. In fact, although it is difficult to make a 
quantitative assessment, HrpZ P4( may actually be a slightly 
more potent elicitor of the HR than HrpZ Ps $. 

However. HrpZ Ps , appears to differ from the other HrpZ 
proteins in being deleterious to E. coli cells when overex- 
pressed and is possibly more unstable, making it difficult to 
purify large amounts of the protein. Since the glvcine-rich 
region is the most obvious difference between HrpZ Pst and 
HrpZ^ it is possible that it contributes to this phenomenon. 



We were able to overcome this problem experimentally by 
using a tightly regulated T7 promoter/polymerase system, but 
never obtained quite the same level of expression we achieved 
with HrpZ Pss and HrpZ Ps£ . However, there remains the obvious 
question of how HrpZ toxicity is avoided by P. s. pv. tomato. 
One possibility would be that HrpZ is never expressed at lev- 
els high enough to affect the bacterium, even when it is in- 
duced^ n planta. Some indirect evidence for this hypothesis is 
provided by our examination of the DNA upstream of hrpZ PiX . 
The ORF has a weak ribosome binding site, and we also ob- 
served that expression of cloned hrpZ from the lac promoter 
appears to be attenuated by the presence of exacting up- 
stream sequences. A 9-bp GC-rich repeat upstream of hrpZ 
may be significant in this regard. Preliminary data from 
northern blotting experiments also indicate that premature 
transcription termination may take place when hrpA-hrpZ 
clones are expressed in E. coli <G. Preston, unpublished). A 
second possibility is that the location of the h rpZ gene in an 
operon with secretion genes ensures tight coupling of syn- 
thesis and secretion- Genes encoding extracellular proteins 
and secretion pathway components are often coregulated. but 
with a few exceptions involving the type I pathway, they do 
not lie within the same operon (Fath and Koker 1993). A 
third possibility is that R s. pv tomato is more tolerant of 
hieh levels of HrpZ than is E. coli. or it possesses a means of 
keepinc HrpZ in a nontoxic form while it is in the cell. 

Further comparison with the Yersinia virulence system pre- 
sents an intrieuing possibility in this regard. It has been 
shown that secretion of certain "Yops" (the Yersinia patho- 
eenicitv determinants), involves chaperone proteins, small 
hvdrophiHc proteins which help keep the Yop protein in a 
translocation competent form and help target it for secretion 
(Wattiau et al. 1994). The genes encoding each chaperone are 
located adjacent to the gene encoding the corresponding Yop. 
Given the presence of several small ORFs of undetermined 
function in the pHIRl 1 hrp cluster, it is tempting to speculate 
that one of them, particularly hrpA. might encode a protein 
with chaperone function. There is a superficial resemblance 
between HrpA and Yersinia ehaperones such as SycE. They 
are all small, hydrophilic, cytoplasmic proteins which lack a 
sienal sequence, but there are no specific homologies. We are 
now constructing nonpolar mutations to test the role o! HrpA 
in secretion. Prehminarv results suggest that HrpA is not re- 
quired for £. coli MC4100tpHIRl 1 1 to elicit an HR or secrete 
HrpZ (J. R. Alfano, unpublished), but in chaperone-mediated 
systems limited secretion of a protein will usually occur even 
in the absence of its chaperone, so it may be necessary to look 
quantitatively at secretion and accumulation of HrpZ to assess 
whether mutations in hrpA or other hrp genes have an effect. 

The colinear relationship between several 
hrp and ysc genes. 

From the sequence of the hrpZ operon it is clear that the 
parallels with the Yersinia type III secretion pathway extend 
beyond homologies of individual genes. The four genes 
downstream of hrpZ. hrpB-E, appear to be arranged coline- 
arly with the region of the virC secretion operon from 
Yersinia that encodes Yscl-L. The virC operon is a large op- 
eron containing 13 genes. yscA-yscM. several of which have 
been demonstrated to have a role in Yop secretion (Michiels 
et al. 1991). Of the four Yersinia genes with putative ho- 
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mologs in the hrpZ operon, only yscJ and yscL are known to 
have a role in secretion. An accompanying paper shows that 
five , more hrp genes, downstream of the hrpH operon, are 
colinear with the yscQ-U genes in the virB operon of Yersinia 
(Huang et al. 1995). 

It appears thai a significant proportion of the type ED secre- 
tion pathway described in Yersinia can be identified in P sy- 
ringae, and it seems likely that increasing parallels between 
the two systems will be found. In both systems the secreted 
proteins are involved with early events in the interaction with 
the host, and expression of secretion genes and virulence 
proteins is tightly coregulated. The secretion pathway seems 
to function in a similar way, as in both cases secreted proteins 
lack an N-iermina! signal peptide and are not posttransla- 
tionally processed. 

HrpZ and host specificity. 

The function of HrpZ in compatible interactions is unclear. 
A likely role is the release of nutrients to the apoplast. Atkin- 
son and Baker (1987a. l9S7b) have proposed that the alka- 
linization of the apoplast caused by Hrp* bacteria (which oc- 
curs at a slower rate in compatible interactions) results in the 
leakaee of sucrose and other nutrients to support bacterial 
growth. One of the key unanswered questions regarding the P 
sxringae HrpZ proteins is their role in host specificity. Com- 
patible interactions leading to disease are distinguished by the 
absence of the HR. Hosi-differemial elicitor activity would be 
one way to reconcile the production of HR-eliciting proteins 
bv P. sxringae and the phenomenon of host-specific com- 
patibility. The failure of the PopAJ protein to elicit the HR in 
tomato, a host of E solanaccarum GMI1000. supports this 
concept fAriat et al. 1 994 j. Similarly, the isolated H s. pv. sy- 
ringae 61 HrpZ protein fails to elicit the HR in bean, al- 
though the significance of this is diminished by the fact that 
bean leaves appear insensitive to any harpins (He et al. 1993;. 
To further explore this question, we infiltrated all three HrpZ 
proteins into the leaves of the host plants for each of the 
pathovars. The host plants of P s. pv. syringae 61. and P. s. 
pv. glycinea. bean and soybean, respectively, arc uniformly 
unreactive to HrpZ from both compatible and incompatible 
pathogens: however tomato leaves proved to be highly sensi- 
tive to all three HrpZ proteins. Thus, our data argue against 
the hypothesis that host-differential activity of HrpZ proteins 
controls the host specifiers of P syrir.gac pathovars. 

If isolated HrpZtv. elicits the HR in tomato, why does P. s. 
pv. tomato not elicit the HR during pathogenesis? One pos- 
sibility is that the response of tomato to HrpZ P j : is qualita- 
tively different than the response to HrpZ H> and HrpZ Pif de- 
spite manifestation of the same gross morphology. That is, the 
necrosis elicited by HrpZ P4i is fundamentally different than 
the HR and does not involve associated defenses that stop the 
pathogen. We are now testing this possibility with probes for 
HR-specific transcripts. A second possibility is that HrpZ Pj: 
production is regulated in a host-specific manner. However. 
hrpZ is clearly pan of the Hrp regulon: hrpZ expression is 
transcriptionally linked with genes encoding components of 
the secretion pathway, the hrpZ operons in all three of these P 
syringae pathovars have virtually the same hrp/avr promoter 
sequence, and expression of the hrpZ operon is likely re- 
quired for pathogenicity. The conserved promoter sequences 
suggests that the hrpZ operon is regulated in P s. pv. glycinca 



and P. s. pv. tomato by the same nutritional conditions and 
HrpR. HrpS, HrpL regulatory cascade described for P. s. pv. 
syringae and P. s. pv. phaseolicola (Grimm and Panopoulos 
1989; Rahme et al. 1992; Xiao et al 1992; Xiao et al. 1994; 
Xiao arid Hutcheson 1994; Grimm ct al. 1995). Whether dif- 
ferential expression of the Hrp regulon controls host specific- 
ity awaits determination. A third possibility is that the P. sy- 
ringae pathovars produce host-specific suppressors of defense 
responses. This is supported by the observation that com- 
patible pathogens do not trigger defense responses in host 
plants that are elicited by nonpathogens (Jakobek et al. 1993)- 

It is important to note that our data do not eliminate the 
possibility that the three HrpZ proteins actually have differ- 
ential activity in host plants when delivered by living bacteria 
and that the HR observed may be an abnormal response re- 
sulting from the presentation of a high concentration of HrpZ 
in an artificial manner. In that regard, it is interesting that leg- 
umes, which appear insensitive to isolated harpins, respond to 
Hrp recombinant E. colt cells that secrete the same proteins 
(He et al. 1993). Experiments in which the hrpZ genes of P 
syringae pathovars are switched or altered in their patterns of 
deployment should test more definitively the role of HrpZ in 
determining host specificity. 

In conclusion, we have characterized an operon containing 
two components of the Hrp"" system of P syringae — a block 
of secretion-related genes that are conserved in eukaryotic 
pathogens in the genera Pseudomonas, Xanthononas, Er- 
winia, Yersina, Shigella, and Salmonella and a gene encoding 
an elicitor that is unique to plant pathogens. The elicitors 
found in the P syringae pathovars are a subfamily of a larger 
class that appears to be characteristic of plant pathogens, and 
which we postulate to have a role in releasing nutrients for 
bacterial utilization. Our challenge now is to determine how 
the various components of the Hrp system have been adapted 
to serve plant parasitism in the face of plan; defenses. 

MATERIALS AND METHODS 

Bacterial strains and plasmids. 

Bacteria and plasmids used in this study are shown in Table 2. 

Pseudomonads were routinely grown in King's B broth (King 
et al. 1954) at 30 5 C. but for certain experiments the hrp- 
derepressing minimal medium of Huynh et al. (1989). adjusted 
to pH 5.5, was used. E. coli was grown in LM (Sambrook et al. 
1989) or terrific broth (Tartof and Hobbs 1987). Plasmids were 
introduced into bacteria by transformation (Sambrook et al. 
19S9) or electroporation (Gene Pulser, Bio-Rad). 

Plant materials. 

The plants used in this study were tobacco {Sicotiana 
tabacum L. 'Xanthii'), tomato {Lycopersicon esculenrum 
Mill. 'Moneymaker"), and soybean {Glycine max L. 
*Harosoy"). Plants were grown in a greenhouse or growth 
chamber at 23 c to 25 C C with a photoperiod of 16 to 24 h. In- 
filtration of plant leaves with HrpZ preparations was per- 
formed with blunt syringes as described (Huang et al. 198S). 

DNA analysis and sequencing. 

All DNA manipulations, except where specified, followed 
standard protocols (Ausubel et al, 1987; Sambrook et al. 
19S9). The hrpZ region of pHERl 1 was subcloned into 
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pBluescript II (Huang et al. 1995). Two Pstl fragments of 2.2 
and 2 4 kb from pCPP2201 and pCPP2200, respectively, were 
subcloned into pBluescript n SK(-) in both orientations. A 
series of overlapping nested deletions covering both strands 
was generated for each of the subclones using Erase-a-Base 
(Promeea, Madison, WI). The deletions were sequenced from 
double-stranded templates using Sequenase version 2.0 (U.S. 
Biochemical Cleveland, OH) and forward and reverse M13 
primers Sequencing was completed using specific pnmers 
svnthesized bv Integrated DNA Technologies (Coralville. IA). 
In addition, the 3.7 and 3.6 kb Sacl-EeoXl fragments, which 
overlap the Pstl subclones from pCPP2201 and pCPP220O 
were also subcloned into pBluescript D SK(-) and sequenced 
using the ABI 373 A DNA sequencer at the Cornell Biotech- 
nology Proaram DNA sequencing facility and specific pnm- 
ers svnthesized bv IDT Nucleotide and derived amino acid 
sequences were analyzed with the Genetics Computer Group 
Sequence Analvsis Software Package (Devereaux et al. 1984). 
Homology searches against major sequence databases were 
done with the BLAST program (Altschul et aL 1990). 

PCR amplification of hrpZ from R s. pv. glycinea 
and ^ s. pv. tomato. 

The hrpZ genes of R s. pv. glycinea and R s. pv. tomato 
were amplified by PCR from the plasmids pCPP2202 and 



pCPP2203, respectively. Reactions were performed using the 
PCR Optimizer kit (Invitrogen, San Diego, CA) according to 
the manufacturer's instructions. Reactions were overlaid with 
mineral oil and incubated in a Hybaid Thermal Reactor 
(Hybaid, Teddington, U.K.) using these cycle parameters: 2 
min at 94°C, followed by 30 cycles of 1 min at 94 0 C, 2 min 
at 55 C C. 3 min at 72 C C. followed by a final incubation of 7 
min at 72°C. The primers used for hrpZ Pst were 5'- 
TACGGGATCCTTTG AGG AGGTTGTGATG-3 ' and 5'- 
TACGCTGCAGTATC AGTCAGGCAGCAOC-3\ and those 
for hrpZpn were 5 '-TACGGGATCCATGCAAGCACTTA 
ACAGC-3' and 5 *-GG AACTGC AGCAAGCTCCGGCGA- 
TACAC-3'. All primers were synthesized by Integrated DNA 
Technologies, Inc. (Coralville, IA), and were designed to in- 
troduce a BamHl and a Pstl site at the 5' and 3' ends, respec- 
tively, of each amplified fragment. 

The hrpZ Pn fragment from pCPP2202 was successfully 
amplified in aU reaction buffers tested. The hr P Z ?iK fragment 
from pCPP2203 was successfully amplified using reaction 
buffer B (reaction concentration 60 mM Tris-HO, 15 mM 
(NH.)^S0 4 . 2 mM MgCl : . pH 8.5). PCR products of the ex- 
pected sizes of 1.0 and 1.2 kb were purified from an agarose 
gel. digested with Pstl and BamHl, cloned into pBluescript II. 
and then transformed into £. coli DH5a F'tecL yielding 
plasmid pCPP2255 earning hrpZ Pzi Plasmids containing 



Table 2. Bacterial strains and plasmids used in this study 



Designation 



Relevant characteristics 



Reference or source 



Escherichia co'u 
DH5a 

DH5a riacf~ 

BL2UDE3) 
Pseudamonas synr.gae 

pv. syrir.gae 61 

pv. giycinec race 4 

pv. tomato DC 5 000 
Plasmids 

pBluescript II SKi-) 

P UCP19 

pET2l<+) 

pT7-6 

LITMUS 28 

pHlRll 

pSYHIO 

pCPP2303 

pCPP2305 

pCPP2200 

pCPP2202 

pCPP2204 
P CPP2206 
pCPP2208 
pCPP2210 
pCPP2255 
pCPP2201 
pCPP2203 

pCPP2205 
pCPP2207 
pCPP2209 
pCPP2304 

pCPP2211 



supE^ A/acU169 (oSO.'acZAMIS) hsdRM recA\ end Al cyrA96 thi-\ re'.M Na! : 

F'proAfT lacFZSSUS zzf::Tn5[Km^eS0d torZAMlS ^/.u-ZYA- t :r 1? F)UI69 enJAl 

rccM hsdKM (r,'m/) dcoR tki-\ supEH}- ?vrA56 re!A\ 
F ompl hsdB B tr B 'Tn B ~) dem gal DE3 

Wild type 
Wild type 
Wild type. Rp r 

Cloning vector. Amp r 
pL"C19 derivative. Amp' 
T7 transcription vector. Amp' 
T7 transcription vector. Amp' 
Cloning vector. Amp r 

25-kb cosmid containing P.s. pv. syringe* 61 hrp cluster 

hrpZf U ORF in pBluescript II , ,xxn*« -»a 

O.S-kb Pst\-Age\ subclone from pHIRll. containing hrpB. in LITML'S -8 

1 3-kb So!\-Sac\ subclone from pHIRl 1. containing hrpD. in pT7-6 

pUCP19 carding 10-kb partial 5ai/3Al fragment of P. s. pv. glycinea DNA wuh hrpZp tf 
2.4-kb Pstl subclone of pCPP2200 in pBluescript II; hrpAp> s and hrpZp in expressed 

orientation with respect to P iac 
As pCPP2202 but with hrpZp, t in reversed orientation to P^ 

2 4-kh Pstl hrpAp, t and hrpZp tS: subclone from pCPP2202 in pET2H+) 

3 6-kb Sacl-EcoRl hrpZp H subclone from pCPP2200 in pBluescnpt II 
1.85-kb Bglll-Pstl hrpZpst subclone from pCPP2202 in pET21(+) 
PCR-amplifted hrpZpst ORF in pBluescript U 

pL : CPI9 carrying 10*kb fragment of P. s. pv. tomato DNA with hrpZ P[l 
2.2-kb Pstl subclone of pCPP2201 in pBluescript II: hrpA Pit and hrpZ Pl , in expressed ori- 
entation with respect to P^ 
As pCPP2203 but with hrpZ n , in reversed orientation to P /ur 
2.2-kb hrpZr„ subclone from pCPP2203 in pET21(+) 

3.7-kb 5ocI-£coRI subclone from pCPP2201 containing hrpBCDE Pst in pBluescnpt II 
3.7-kb SacJ-EcoRl subclone from pCPP2209 in LITMUS 28 

2.0-kb Bgtl\-Pst\ hrpZ Plt subclone from pCPP2203 in pET2 \{+) 



Hanahan 1983: Life Technolo- 
gies. Inc. Grand Island. NY 
Life Technologies Inc. 

Nova sen 

Baker <r; ci 19S7 

C. I. Baker 

D. E. Cuppels 

Suatagene 
Schweizer 1991 
Novaser. 

Tabor and Richardson 19S8 
New England Biolabs 
Huang it at. 19S8 
He et al. 1993 
This study 
This study 
This study 
This study 

This study 
This study 
This study 
This study 
This study 
This study 
This study 

This study 
This study 
This study 
This study 

This study 



* Amp r = ampicillin resistance: NaT = nalidixic acid resistance; Rp r = rifampicin resistance. 
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PCR-amplified hrpZ Ps . were found 10 be unstable and ap- 
peared to promote cell lysis. 

HrpZ purification and analysis. 

HrpZ was purified from £. coli as previously described (He 
et al. 1993) with the following modifications. Cells were 
lysed in either 5 mM 2-(N-rnorpholino) ethanesulfonic acid 
(MES). pH 5.5, or cell lysis buffer (50 mM Tris-HCl, 1 mM 
EDTA, 100 mM NaCl. pH 8.0;. For some experiments the 
supernatant from heat-treated lysate was partially purified af- 
ter sonication by ammonium sulphate precipitation (25 to 
45% saturation)/with desalting and concentration being per- 
formed with Centricon-10 tubes (Amicon). For experiments 
requiring highly purified HrpZ expressed in £. coli 
BL21(DE3). the supernatant was further purified by binding 
to phenyl-sepharose (Sigma) in the presence of ammonium 
sulphate (>309c saturation) and elution with 5 mM MES, pH 
5.5, follo-A-ed by electrophoresis through a native 15Q poly- 
acrvlamide gel.' The purified protein was then eluted from 
excised gel slices using an Eluirap apparatus (Schleicher & 
Schuell) or from crushed gel slices usins a Micropure separa- 
tor (Amicon). Protein concentrations were determined using 
Bio-Rad protein assay solution. HrpZ was also purified from 
heat-treated supematants of R syringae grown in hrp- 
inducing medium (Huynh et al. 1989) by ammonium sulphate 
precipitation (25 to saturation) and desalting/con- 

centration using Centricon-10 tubes. For infiltration into plant 
tissue. HrpZ preparations were diluted to various degrees with 
5mM MES, pH 5.5. The ami no- terminal sequence analyses 
were performed at the Cornell Biotechnology Program Pro- 
tein Analysis Facility fHrpZ ?if i and the University of Ken- 
tucky Macromolecule Structure Analysis Facility (HrpZ Pv .). 

T7 expression and labeling of proteins in £. coli. 

Proteins encoded by the hrpZ operon were expressed in E. 
coli BL2KDE?) by using the pET21<+"> T7 expression system 
(NovagenV Conditions for isopropyl-p-D-ihiogalac- 
topyranoside (IFTG) induction of T7 RNA polymerase- 
dependem expression and labeling with L-["S]methionine 
were as described b> Studicr et al. (1990k. After being la- 
beled, cells were collected by centrifugation and then resus- 
pended and lysed in SDS-loading buffer and the proteins re- 
solved on an SDS-polyacrylamide gel. Gels were stained, 
dried and exposed to Kodak X-ray film. 

Nucleotide sequence accession numbers. 

The nucleotide sequences reported in this paper have been 
deposited in GenBank under accession numbers L41861 {R 
syringee pv. tomato hrp A. hrpZ. hrpB. hrpC, hrpD. hrpEh 
L41S62 (R syringae pv. glycinco hrpA. hrpZ, hrpB). L41S63 
{R syringae pv. syringae hrpA). and L41S64 {R syringae pv, 
syringae hrpB). 
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The Type III (Hrp) Secretion Pathway of Plant Pathogenic Bacteria: 
Trafficking Harpins, Avr Proteins, and Death 

JAMES R. ALFANO and ALAN COLIMER* 

Department of Plant Pathology, Cornell University, Ithaca, New York 14853-4703 



INTRODUCTION 

The ability of plant pathogenic bacteria to deliver deatfa- 
trieeerins proteins to the interior of plant cells was revealed^ 
a rapid succession of papers in 1996 that transformed our 
concepts of bacterial plant pathogenicity. The breakthrough 
came with the convergence of work on Hrp systems and Avr 
proteins, an understanding of which requires an introduction 
to the most prevalent bacterial pathogens of plants, the cardi- 
nal importance of the Hrp pathway, and the paradoxical pbe- 
notypc associated with avr genes. 

Plant pathogenic bacteria in the genera Erwuua, Pseudomo- 
nas Xanthomonas, and Ralstonia cause diverse, and sometimes 
devastating, diseases in many different plants, but they all share 
three characteristics: they colonize the intercellular spaces of 
plants they are capable of killing plant cells, and they possess 
hrp genes. Many of these pathogens are host specific In host 
plants, they produce various symptoms after several days of 
minupUcation, whereas in nonhost plants, they trigger the hy- 
persensitive response (HR), a rapid; defense-assc^ate^p^ 
gammed dea * "f plant c ells at the site of invasion (21, 43). 
With mocuiumlevels typically encountered in natural environ- 
ments, the HR produces individual dead plant cells that are 
scattered within successfully defended healthy tissue (71). 
However, experimental infiltration of high inoculum levels 
(>10* bacterial cells/ml) results in raacroscopically observable 
death of the entire infiltrated tissue, usually within 24 h (42). 
Pioneer screens for random transposon mutants with impaired 
plant interactions yielded a prevalent class that was designated 
Hrp" that is, deficient in both HR elicitation in nonhost plant 
species and pathogenicity (and parasitic growth) in host species 
(49 56) This complete loss of pathogenic behavior results 
from mutation of any one of several hrp genes, which largely 
encode components of a type HI protein secretion system (73). 
Because th e capacit y to elidtlheHR is a convenient marker 
y r tf^ rer^irvjo~6^^^ abilTUes have 

-rregmon^ne^ o* V* eUcita^. 



ff^rgg ff^ruge^ an entry to tKTTarger problemjof. 

P& A keypart of the HR puzzle is that HR elicitation and the 
resulting limitation in host range can occur if the pathogen 
possesses any one of marry possible avr (avirulence) genes that 
interact with corresponding R (resistance) genes in the host 
plant. Such "gene-for-gene" interactions result in recognition 
of the bacterium and the triggering of plant defenses. For 
example, Pseudomonas syringae pv. glycinea is one of over 40 P. 
syringae pathovars differing largely in host range among plant 

* Corresponding author. Mailing address: Department of PJaJnt Pa- 
thology Smell University. Ithaca, NY 14853^203. Phone: (607) 255- 
7843. Fax: (607) 255-4471- E-mail: arc2@cornell.edu. 



species and is subdivided into races on the basis of their inter- 
actions with genetically distinct cultivars of its host, soybean. 
Those race-cultivar interactions involving matching bacterial 
avr and plant R genes result in the HR and avirulence, Le.; 
failure of the bacterium to produce disease. The R genes en- 
code components of a parasite surveillance system and are 
crossed into crops from wild relatives by plant breeders for 
disease control, avr genes are identified and cloned on the basis 
of the avirulence they confer on virulent races in appropriate 
test plants (39, 69). In most cases, it is not clear why plant 
pathogens carry avr genes that betray them to host defenses 
but new insights into this question are discussed below. 

Both hrp and avr genes were originally defined on die basis 
of the phenotypes they confer on bacteria interacting with 
plants. Molecular studies have revealed a functional relation- 
ship between the products of these two classes of genes and an 
underlying similarity with a key virulence system of several 
animal pathogens. Yersinia, Salmonella, and Shigella spp. trans- 
fer virulence effector proteins directly into animal cells via the 
type in pathway (16, 17, 62, 67, 84). Similarly, plant pathogens 
use the Hrp type HI pathway to transfer Avr effector proteins 
to the interior of plant cells. The genetic dissection of type III 
secretion systems is just beginning, and little is known of the 
mechanisms of protein translocation. In this review, we wfll 
describe (i) the recently completed inventory of genes directing 
type TH secretion in plant pathogens and new insights into type 
m secretion mechanisms gained from research with Hrp sys- 
tems, (ii) two classes of proteins (harpins and pilins) that are 
secreted by the Hrp type HI pathway when plant pathogens are 
grown in media that mimic plant intercellular fluids, (in) evi- 
dence that Avr proteins are delivered by the Hrp pathway 
directly to the interior of plant cells, and (iv) a resulting new 
- paradigm for bacterial plant pathogenicity. The focus will be 
on quite recent work, and readers are referred to other reviews 
for a classic introduction to the HR phenomenon (43), earlier 
investigations of the Hrp system (11), avr genes (20, 46), and a 
wider perspective on bacterial virulence systems and plant re- 
sponses (2). 



Hrp PROTEIN SECRETION SYSTEM 

hrp and Are genes, hrp genes have been extensively charac- 
terized in four representative gram-negative plant pathogens: 
P. syringae pv. syringae (brown spot of bean), Erwinia arnylo- 
vora (fire blight of apple and pear), Ralstonia (Pseudomonas) 
solanacearum (bacterial wilt of tomato), and Xanthomonas 
campestris pv.-vesicatoria (bacterial spot of pepper and toma- 
to). Most of the known hrp genes in these strains are contained 
in chromosomal clusters of about 25 kb (Fig. 1). In at least 
some cases, the hrp clusters are sufficient to allow HR elicita- 
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tion (but not disease) by nonpathogenic bacteria such as Esch- 
erichia coli and Pseudomonas fluoresces (8, 37). 

Initial sequencing of the hrp clusters from R soUmacearum, 
X. campers p». vesicatoria, and P. syringae pv syringae re- 
veatedhomologies with components of ^™lence P"££ 
fYori secretion system of yerai/ua spp. (22, 29, 34), thereby 
£££feg the eXnce of a conserved "type , ET ^protem ac- 
cretion pathway in gram-negative pathogens of both pl«*> 
animals (65, 73). The near completion of these sequences has 
Sed teta homologies and has led to two major changes 
LT^ nocture offer genes (9). First, the.* hrp genes 
that are broadly conserved in pathogenic Pseudornonas, Er- 
wwia, Ralstonia, Xdnlhomonas, Yersinia, Salmonella, and Sht- 
«Tspp. were redesignated hrc (HR and conserved) and grven 
the last-letter designations of their Yersinia ysc homology The 
actions for £c homologs in various tacttntv outsrie of 
S^riant pathogen group are presented in Table 1. When 
referred tobroadry, the term "hrp genes" is intended to en- 
eomS* tneSbset (9). Second, the hrp gene concept™. 
widened to include homologous genes in plant pathogens 
mutations do not lead to typical Hrp phcnotypevFor 
example, mutations in hrp homo ogs result .m lo^fUxeWte 
fwTeroaking) phenotype SaErwMa stewartu (Stewart's wilt of 
S^dreduced inf ectivity at low inoculum levels in Erwwja 

aoneaTto be universal among plant pathogenic Erwuua, Pseu- 
Xnonas, Ralstonia, and Xaruharrwnas spp. and they emtrola 
variety of bacterium-plant Interaction phenotypes in addition 

*£S[»* 0 hrp dusters. The four hrp clusters that have 
been most characterized can be divided into two paapitosei 
on their possession of similar genes, operon structures 
and regulatory systems (2). The hrp clusters of P. synngae and 



E. amylovora are in group I, and those of R. solanacearum and 
X. campestris are in group II. In addition to the nine hrc genes, 
two hrp genes are conserved between the group I and II hrp 
clusters and show some similarities to ysc genes (Fig. 1) (10, 36, 
41, 74). It is likely that more of the present hrp genes will be 
discerned as belonging to the far category with additional data 
on the structure, function, and conservation of their products 
in both plant and animal pathogens. Nevertheless, some of the 
hrp genes appear to be completer/ different between the two 
groups, the arrangements of genes within some operons are 
characteristic of each group, and the regulatory systems are 
distinct (Fig. 1). A key difference in regulation is that group I 
hrp operons are activated by HrpL, a member of the ECT 
(extracytoplasmic function) sublimity of sigma factors (50, 78, 
85), whereas most group n hrp operons are activated by a 



TABLE 1. Hrc proteins of plant pathogenic bacteria and 
their animal pathogen and flagellar homologs 



Plant pathogen 


Yersinia 


SalmoneBa 


protdn - 




proteiii 


HrcC . 


YscC 


InvG 


HroJ 


YscJ 


PrgK 


Hrd* 


YscN 


SpaL 


HicQ 


YsoQ 


SpaO 


HrcR 


YscR 


SpaP 


HrcS 


YscS 


SpaQ , 


HrtT 


% YscT 


SpaR 


HrcU 


YscU 


SpaS 


HrcV 


LcrD 


InvA 



piotexn 



Flagellar 

pTotetn^s) 



MxLD 

MxU 

Spa47 

Spa33 

Spa24 

Spa9 

Spa29 

Spa40 

MriA 



FUF 

FHL 

FUN, -Y 

FUP 

FUQ 

FUR 

FlhB 

FlhA 



* References for the sequences of hrc genes eod all horaotogS are compiled in 
references 9, 25, and 74. 
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_,_w nf the AraC family, which is designated HipB in R. 
XS^mmld HrpX inX curves** (27, 57 82). However, 
ft™ wnesto both groups are generally repressed m complex 
^a a^d^essld in plants and in media that minuc plant 

intercellular fluids (11). . 

Functions of Hrp aid Hrc proteins in type IU protem se- 
cretion. With the hrp clusters of four representattye plant 
Cogens now almost completely sequenced, analyse of the 
functions of individual components is beginning. Nonpotor 
mutations have been constructed in .most of the hrp andtoc 
acnes in R. solanacearum and in some of the genes in P. synn- 
syrin^d E. amybvoru (10, 15. 54, 77> The resnhs 
fuBMSt that the secretion apparatus requires all of the hrc 
™ (hrcQ awaits testing). Th^Ksolanacearum mutentanal- 
fsfc also reveals a requirement for hrpF, -W, -K, and -X (54). As 
^Sed above, hrpF nnd hrpW have group 1 and possib £ ysc 
Tfcul the Hrp type in secretion apparatus is likely 
S^ore oil? proTeins. aU but 2 of which appear to 
bTbrS conserved. 1*c predicted locations and runcaonsof 
most of these proteins have been systematically presented for 
Hrp system (74). and they appear to be 
rt,. „ me m x campestris.E. amylovom* and P. synngae. 

£££ «m^rS»ns reveal that all of the Hrc proteins, 
other than HrcQ have a homolog involved in fU^Uum-speafle 
cxDOrt or early events in flagellum biogenesis (Table 1). The 
abilities of the presumably more ancient flagellar system to 
regulate the order (and possibly amount) of protem released 
andTo secrete proteins in association with an extracellular 
appendage are properties that may be particularly ™P°™" • ■ 
Keffl transfer of virulence proteins into host cells (18, 
52). Plant pathogens offer several eqperimental advantages for 
exploring mechanisms of type HI secretin and, indirectly, 
fXS-specific secretioa The fiageUum-speofic and animal 
X» We "I secretion systems have been difficult to study 
btcaufe maV mutations pleiotropfcaUy disrupt production of 
the secretion apparatus and the secreted proteins. For exam- 
p£ Aeye^P«* LcrD_and Bacillus subtilis FlhA proteins 
Fhr^lcwsof HrcV) were initially thought to have primary 
Snf in relation (14, 59). However the unambiguous 
Son phenorype of an £ amylovom ^Kmutant provided 
Long evidence that the primary function of members of thb 
nro^ Wrfamily is in secretion (77). Plant pathogens ofer 
other^Sntd advantages for exploring type HI secretion 
"ecSmTdefined subclones of ca. 25 kb are converuen* 
sufficient for Hrp-mediated secretion by B. coh and other 
model bacteria (31, 77), and hrc gene arrangements and mu- 
SntplenotypesVuggest that txanslo«tion ^^nnerand 
outer membranes is partially separable in these bacteria (15). 

In both group I and H /up dusters, the six tor genes pre- 
dicted to encode a flageihmwierived system for Sec-mdepen- 
dent translocation across the inner membrane {hrcN, -R.-S, -T, 
U and -V\ are in operons other than that containing the one 
'hrc gene predicted to direct translocation across the onto 
membrane(tocC) (Fig. 1 and 2). HrcC is a membei rtfjto 
PuLD/oIV TiVrf-ir^*"^ membrane proteins, whicli arc 

-^Sj^S^m) (26). These proteins form homomdUm- 
K the outer membrane which permit phage or protein oat 
and induce the psp (phage shock protem) operon (63). JJ& 
WrcC protein of X. campestri s pv. vesicatona was the first 



•^^hfr'nt" me'tvpe 111 branch ot this supertamiry j nownjto 
-^^d^roWron, thereby sug^ stm^jhaMhe ^m 
- ° thT . 1Y ...vr^mf In vTan Outer-membrane, diannel-forming 
pvTsynngae hrcL mutant accumu- 
toeTTome -onhe normally secreted HrpZ harpm (discussed 
below) in the periplasm, whereas a hrcU mutant accumulates 




flgen* > 
product C 

HR 
and 



Parasitism . 
and 
Dteeas* 

FIG 2. Mode! for the delivery of parasitc^rotnoting Avr proteins (Le^ Hop 
proteins according to a proposal discussed in the text) into plant cells by the Hip 
type HI secretion system (R synnpu example). To reach their targets, Ay pro- 
iina must cross the bacterial inner membrane (IM), outer membrane (OM), 
plant cell wall (CW). ^ plasma membrane (PM). Only Hrc component in- 
dicated by their last letters in predicted suhccBuiar 

be secreted are shown. The location erf hydrophilic HrcQ (HtcQa and HtcQb mi*. 
syringae) is unknown, but the homologous SpaO is secreted by Salmonella jsp?- 
OS 48V Four additional Hrp proteins, not shown, appear to be required for 
secretion (see text). Dashed-line boxes indicate uncertainties about precise loca- 
tion. For example, it b not known whether HrpA or HrpZ penetrates the plant 
cell wall and whether these and/or other Hrp proteins trigger Avr transfer into 
plant cells by endocytosia. Secretion of HrpA and HrpZ b not dependent on 
plant cell contact, whereas secretion of Avr proteins apparently is. Once made 
plant cells, multiple Avr proteins apparently promote parasitjsm couectxvery ny 
unknown mechanisms (short arms denote weak phenotypes of Yirulcnce domains 
interacting with undefined host <Brgets),nmiess any one of the proteins interacts 
with a host J? gene product, thereby triggering the HR defense. Mutation of ft 
host target, to dimmish benefit to the parasite, and detection by the sur- 
veillance system are likely evolutionary responses of plants to the bacterial de- 
ployment of a new virulence protein: coevolution would be expected to generate 
many avr and R genes in complex populations of plants and bacterial parasites. 

the protein exclusively in the cytoplasm (15). Thus, the se- 
- quence-based prediction that separate inner and outer mem- 
brane translocator systems have been recruited to form the 
Hrp pathway is supported by a novel secretion phenotype 
revealing partial separation of these functions (15). 

HARPINS, PILINS, AND OTHER PROT EINS S ECRETED 
IS CULTURE BY THE Hrp SYSTEM 

Harpins. Br oadly defined, harpins are gby cine-rich proteins^ 
that lack cysteTEeTare secreted m cultu re whenthe Hrp system 
iTexpressed, ar njipossess heat-stable rik eUcitor activi ty when 
they Infll tiate lhe leaves of tobacco and several other plants. As 
IS-cEaractensUc 6i proteins secreted by the type 111 pattrway, 
harpins lack an N-terminal signal peptide. The first harpin was 
discovered in t^e culture fluids of E. coli cells carrying a highly 
expressed hrp cluster from R amylcvora (79). Because muta- 
tions in the harpin-encoding hrpN gene in £. amylovom strong, 
ty dirninish HR elidtation in tobacco and pathogenicity in 
susceptible, immature pear fruits, harpin was initially thought 
to be the primary virulence protein traveling the Hrp pathway 



5658 MINIREVIEW 



(79). Subsequent ana* r' " f hamins ,f° m other bactena hgg 
l^^jU^lns Jitter suFstantiaUy in th™pH55ys5g- 
- Wand thejr S nfflbution to H r p mhenotvpeTand their actual 
ju nction is unkmwn^ W. liTfl)- -i™™- 
J^ Th e hatpin genesofE. amyhvom (htpN) C^ f 
Sthemi (hpN Ec J (7% andR. soUmacearum (popA) (4) arc lo- 
\ ZTd a^cenfio or near their respective hp dusters, whereas 
X the P svringae hrpZ gene resides within a hip operon (31). 
£Sm mutants are reduced in infe«iviry at tow 
SSveb and are unable to elicit the HR (7) but harpin 
£n7rZations in B. amyhvom CFBP1430 (a lughh/ virulent 
&, * 5 0 Ja na ««mm (4), and P. syrppe (1) produce 
weak phenotypes or no phenotype. Thnyndmdua^arpins <to 
™ ,£»ar to be necessary for elicitation of the HR by mo* 
ZJSL nie potential role ol WuiTm determmingW 
tneancitv is uncertain. PopA may be a host specificity factor 
gS^sSKSottTeacte the HR selectively in Utose 
plants in which A soUmaceanvn also ehats the HR^ whereas 
the isolated harpins from £. amyhvom and three P. 
pathovars trigger theHR in varioff plants in i . manner that 
.haws no relatjo M hj rngbacterial host range W^^4 
Ttamin activity may involve interactions with plant ceU walls. 

£ °inds » the walls of intact plant cells but not 
to protoplastsT and it also fails to trigger HR-assooated re- 
spo^es to protoplasts (33). The eUchor actmty of harpms ; » 
unlikely to be eiymatically based because various fragments 

^ ta&Wtffe syrhgae HrpZ harpin hp-**** 
puzzling. Several observations suggest a simple, direct role for 
HrpZ to HR elicitation. HrpZ is the predominant protein 
secVeted by the P. syringae Hrp system in culture > (3^88), , the 
hrpZ gene is conserved in divergenti>. synngae pathovars (60). 
and the isolated protein elicits an apparent programmed cdtt 
£athm plants that is indistinguishable from the HR elicited by 
Sving bacteria (31). Furthermore, HrpZ deletion mutations m 
Ae Lmid pHIRll functional cluster of P. ^Z^^^' 
rae hv genes strongly reduce the HR elicitation activity of B 
SS'SS carrymgTnly pHIRll. The same muttbon. ottfy 
slightly reduces the HR to P. syrbigae pv. synngae, but this ran 
be explained by postulating the existence of a second harpin 
encoded elsewhere in the bacterial genome (1). 

However, other observations show that the reUoonship of 
HroZ to HR elicitation is more complex. Mutation of hrmA 
CVl. 1S\ which is to a variable region flanking the conserved 
^cluster in pHIRll, abolishes HR activity in tobacco^mth- 
out diminishing HrpZ synthesis or secret™ (no nisolate d 

i« M ffidenl to elicit an HR to ^^^gg^^g- 
■satrt^rgrrrsn^teriTin plants is not- lnsteadTHrmA, with no 
apparent hmcnonJul g^^fgg^Pig ^ . ' 3 
!o f ! 5 g gt e T ta1Tl1criatj^ appears to 

BeTKeacfuaTelia^^ 

pHlKll. HrmA has several characteristics of an Avr protein 
felAvr pr oteins and the role of the Hrp system (and possibly 
Sptos) to their delivery into plant cells will be discussed 

U £ln»A pilin and other secreted proteins. P. Vririgae 
mato DC3000 secretes at least four proteins m addarwnto 
HrpZ into the medium to a Hrpnlependent manner (88). One 
of these is the 10-kDa product of hrpA, which forms a 6- to 
8-nm-diameter "Hrp pilus" (61). A nonpolar hrpA mutant no 
longer elicits the HR in appropriate test plants, even when 
carrying an avr gene known to interact with an R gene m tte 
nlant Tit thus appears that the Hrp pilus is essential for the 
de^ery -of Avr signals (discussed further below). Although it is 
not known whether the Hrp pQus functions pnfflarOy in bac- 
terial attachment or as a conduit for the delivery of bactenal 



J. Bacteriol. 

proteins across the plant ceU wall, it is interesting that^rofwe- 
terium tumefadens requires a pilus similar in size (3.8-nm di- 
ameter) to transfer T-DNA and the VirE2 protein into plant 
cells (24). 



Hrp DELIVERY OF AVR PROTEINS INTO 
PLANT CELLS 

avr genes and their products. In fundamental contrast to the 
hrp genes, avr genes are scattered in their distribution among 
strains of plant pathogenic bacteria (20, 46). More than 30 
bacterial avr genes have been cloned from P. synngae andX 
eampestris, but until recently, characterization of the menag- 
erie of encoded proteins has largely defined what these pro- 
teins do not do. Jsnlated Avr proteins d o not elicit any re- 
sponses when t hey infiltrate plant leave s. They do not appear, 
-^ egegeTea''in /culture and are hydropniiic protems lacking, 
fEtjlrr mial signal peptides^ other recognizapie secretion sig- 
'lSlT(propertles corisistentwith potential secretion by the type 
STpathway). They do not have demonstrable enzymatic activ- 
ity (with the exception of AvrD, which directs the synthesis of>- 
syringolide elicitors of an R gene-dependent HR [55]), and the 
majority of them do not contribute in an obvious way to par- 
asitic fitness or virulence in the infection of cultrvars lacking a 
matching R gene that would trigger the HR. However, there 
are several significant exceptions to the last point (20, 46) and 
there is growing evidence that Avr proteins have a pnniary 
function in virulence, even though the HR-triggering effects of 
Avr-R interactions are epistatic over these virulence functions. 
How Avr proteins might promote parasitism is mysterious, but 
support for such a primary role comes from observations that 
then- action is dependent on the Hrp system and their site of 
action is within host cells. The next two sections address these 
points and provide evidence that the main function of the Hrp 
system is in the delivery of Avr-like proteins into plant cells. 
+ Hrp dependency of Avr phenotypes, avr genes have no phe- 
notype when expressed in hrp mutant pathogens or in non- 
pathogenic bacteria like E. coti, which lack the Hrp system 
(highly expressed avrD is the sole exception to the latter point 
[401). For many avr genes, especially those in P. syringae, one 
simple explanation is that their expression is dependent on Hrp 
regulatory factors (46). However, expression of avr genes from 
vector promoters does not obviate the requirement for afunc- 
tional Hrp system. The recent finding that the functional clus- 
ter of P. syringae pv, syringae hrp genes earned on cosnud 
pHIRll is sufficient to deliver heterologous avr gene signals 
. indicates the fundamental interdependency of Hrp and Avr 
functions in bacterial elicitation of the HR (28, 58). A key 
property of pHIRll enabling this discovery is that the cosmid 
confers on nonpathogenic^ coU and P fluoresces theability 
to elicit the HR in tobacco and several other plants, but it is 
ineffective in doing so in soybean zn&Arabidopsis. The simplest 
explanation is that hrmA, which is carried on pHIRll and has 
several properties of avr genes (3), interacts with an unknown 
R gene in tobacco but with no R genes in soybean tm<\Arut*- 
dopsis. This suggested that expression of appropriate avr genes 
in trans would enable nonpathogens carrying pHIRll to etot 
an R gene-dependent HR in soybean, Arabidopsis, and other 
plants. Indeed, this was observed with avrB (from P. 
pv. arycinea) and five other P syringae avr genes (28, 58). 

TTie ability of pfflRll to deliver avr gene signals requires 
HrcC (absolutely) and HrpZ (variably) (28, 58). The inability 
of HrpZ to support AvrB signal delivery when supplied exog- 
enousry indicates that the harpin has a role only when pro- 
duced along with AvrB and therefore may be an extracellular 
accessory in the delivery of Avr proteins, as YopD is in the 
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delivery of YopE (28, 62). Most importantly, these experi- 
ments reveal that a functional Hip secretion system is required 
for the delivery of several avr gene signals. Furthermore, the 
use of promoters different in strength and of epitope-tagged 
AvxB revealed that the requirement tor a functional Hrp se- 
cretion system cannot be obviated by high levels of AvrB in die 
bacterial cytoplasm or by infiltration of leaves with purified 
AvrB at a level 1,000-fold higher than that required by living 
Hrp* bacteria to elicit the HR (28). Thus, AvrB does not 
appear to act in the bacterial cytoplasm or in leaf intercellular 
spaces. These observations strongly support the hypothesis, 
depicted in Fig. 2, that the type m protein secretion system in 
plant pathogens, as in animal pathogens, is capable of deliver- 
ing bacterial proteins into host cells. - 

Demonstrations of Avr action in host cells. Bacterial trans- 
fer of Avr proteins into plant cells has not been observed 
directly However, there is evidence that several of these pro- 
teins are biologically active when produced within plant cells, 
that the HR-triggering activity of one of them is dependent on 
physical interaction with its cognate plant R gene product, and 
that the activity of another is dependent on localization to the 
plant cell nucleus. AvrB action in plant cells was demonstrated 
with Arabidopsis plants carrying the cognate RPM1 R gene 
(28) An Arabidopsis rpml mutant was transformed with avrB 
and crossed with a wild-type line, thus producing seedling 
progeny carrying both avrB and RPM1 which died soon after 
terminating. One symptomless rpml mutant transgenic plant 
was obtained; this individual expressed relatively low levels of 
an avrB construct carrying the PR-la plant protein signal pep- 
tide with the likely consequence that the plant cytoplasm 
would be exposed only transiently or to low levels of AvrB. The 
properties of this survivor suggest that plants are sensitive to 
AvrB even in the absence of a functional matching R gene and 
that vanishingry low levels of the protein are sufficient to elicit 
the HR in the presence of a complete R gene. A biolistic, tran- 
sient expression assay revealed that avrB lacking a signal pep- 
tide (and therefore localized to the plant cytoplasm) was lethal 
to Arabidopsis leaf cells carrying RPM1 but not to those lacking 
the R gene (28). This approach was extended with avrRpt2 
(from P. syringae pv. tomato) (47). Similarly, an A tumefadens 
transient expression system was used to deliver avrPto (from 
P syringae pv. tomato) and avrBs3 (from X campestris pv. 
vesicatoria) into plants, resulting in an R gene-dependent HR 
in all cases (66, 70, 72). Thus, wherca sno bacterial Avr protein 
has beenobserved to have an effeH^BCn oeirverea exciusivery 
^n^~ ol plant cells, ail luuTot those tesfedehcit an 

7T gene-<iep er T d_gm f e^lkjlis^ llgrr expres sed maoe tnemT 
— TBe"sTrnpTest"mode1 tor the molecular basis orgene-ior-gene 
HR elicitation predicts physical interaction between the pro- 
tein products of cognate avr and R genes. This has been ob- 
served with the bacterial AvrPto and plant Pto proteins; mu- 
tations in the molecular partners that diminish physical 
interaction in the yeast two-hybrid system also diminish bio- 
logical function (66, 70). Because AvrPto action requires a 
functional Hrp system in either P. syringae pv. tomato (64) or 
nonpathogens carrying the pHIRll hip cluster (28, 58) and it 
involves physical interaction with a cytoplasmic target in the 
host, the Hrp-mediated transfer of AvrPto into plant cells 
seems certain. 

While many bacterial Avr proteins appear to be targeted to 
the host plant cytoplasm, members of the AvrBs3 family in 
Xaruhomonas spp. are targeted to the host nucleus. These 
proteins carry functional nuclear localization signals (KLS) in 
the C-terminal region (72, 86). When fusions of this C-terminal 
region and a uidA reporter are transiently expressed in onion 
epidermal cells by biolistic bombardment, ^-glucuronidase ac- 



tivity is localized to the nucleus (72, 86). Deletion of all three 
of the NLS sequences abolishes nuclear localization in the 
biolistics assay and HR elicitation by X. campestris pv. vesica- 
toria cells in pepper plants carrying the Bs3 R gene, and both 
of these abilities can be restored by substitution of the simian 
virus 40 large-T antigen NLS (72). These results suggest that 
the Bs3 product* must also be localized to the nucleus, but 
because this R gene has not been cloned, this awaits confirma- 

tion. 

Gaps fin our knowledge of the Hrp pathway and the inven- 
tory of its protein traffic Although the rings of evidence that 
the Hrp system transfers Avr proteins into plant cells are 
collectively strong, there are formal gaps in each, (i) In the 
system explored in the most detail, AvrPto-Pto, physical inter- 
action between the bacterial and plant proteins has not been 
demonstrated in vivo, and a second host protein, Prf, is re- 
quired for AvrPto-Pto-mediated HR elicitation. Furthermore, 
all of the other cloned plant R genes that interact with known 
bacterial aw genes resemble Prf (a nucleotide-binding site 
leucine-rich repeat protein) rather than Pto (a kinase) (68). (n) 
R proteins appear to be present at vanishingly low levels, and 
none has been directly observed in the cytoplasm, although 
RPS2 localizes to the cytoplasm-equivalent fraction in a rabbit 
reticulocyte dog pancreatic microsome in vitro tr an s l a ti on* 
translocation system (47). (in) Similarly, Avr proteins appear 
to be effective at vanishingly low levels (28) and immunogold 
labeling and electron microscopy of infected plant tissues has 
revealed their presence only in bacterial cells (13, 87). (rv) 
Finally, no Avr protein has been directly shown to be translo- 
cated out of the bacterial cytoplasm in culture by the Hrp 
system. It is worth noting that the A tumcfadens VirE2 protein 
has never been observed to be transferred into plant cells, 
although the indirect evidence for its action within plant cells 
seems irrefutable (89). 

Many (if not most) of the genes encoding proteins that are 
transferred into plant cells by these bacterial pathogens prob- 
ably await discovery. Systematic completion of the inventory is 
thwarted by two problems. Fust, the contribution of the genes 
to virulent' interactions .may be too subtle for detection in 
mutant screens, and cognate R genes, that would reveal Avr 
phenotypes when the bacterial genes are heterologously ex- 
pressed may be unknown or nonexistent. Second, no plant 
signals or regulatory mutants have been found that permit 
bacteria to secrete these proteins in culture, although harpins, 
pUins, and possibly other proteins that serve the type HI se- 
cretion system are secreted in culture. A critical feature of the 
- type HI protein secretion system in Yersinia spp. is its capacity 
to withhold full secretion of virulence proteins until contact 
with the host cell (18). The fact that nonpathogens carrying the 
pHIRll functional hrp cluster secrete HrpZ but not AvrB In 
culture (28) indicates that the genetic information for this 
expected regulatory step is carried within the hrp cluster and is 
therefore subject to discovery through systematic analysis of 
the hrp genes. Obtaining Avr protein secretion in culture is 
important because (i) it is likely to be associated with struc- 
tures that normally are used to penetrate the plant cell wall 
(and possibly trigger host cell endocytosis) and therefore will 
yield clues to the transfer process and (ii) it will allow proteins 
targeted to the host to be systematically characterized through . 
identification of novel proteins in the medium. The exploration 
of DNA sequences flanking hrp dusters also should be useful 
in this search because of the growing evidence that these re- 
gions are enriched in genes whose products probably travel the 
Hrp pathway (51, 53, 54), 

A new designation for effector proteins that are delivered by 
the Hrp system to plant cells would be useful: Avr appears 
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to be inappropriate because some of the encotfng genes 
may have no Aw phenotype and the primary function of Avr 
proteins is almost certainty in virulence not 
proposal is to designate new members of thus class Hop (Hxp- 
Kdent outer p^tein) and to add a four4etter iden- 
tif^ng the bacterial species, pathovar, and gene, based i on 
extent system for uniform nomenclature of avmJence gen* 
fl 75^ For example, the gene encoding a newly found P. 
%ngae pv sy^e protein in this class would be designate^ 

Sation for proteins secreted by the prototype Yersima 
S secretion system but is broadened here for 
^h the use of Hrp and Avr for plant pathogens m all genera. 

A NEW PARADIGM AND FUTURE EXPLORATIONS 

Pathogenesis based on the Hrp delivery of Avr-like (Hop) 
proteins into host cells (depicted in Fi* 2) provides a simple 
Ld unifying explanation for many char a * e ^ ° f P 1 ** 
pathogenic Erwinia, Pseudomonas, Xanthomonas,^d Rzk£ 
ria spp. (2). These include the one-to-one ^or^hmbe- 
^Teen bacterial cells and HR-responding plant cells (expected 
wi^ntact-dependent secretion), the gene-for^ene mterac- 
™ons of pathogenies and host c^tivars (e^cted^ ^ 
* gene products can directly interact within host ceUs), and the 
enorrn^s diversity in host range and other P^Pgemc at- 
Sbutes among closely related strains (expected with a pool of 
hor^talry^ansferable and interchangeable genes whose 
either promote or betray parasites in coevolvmg 
E ThTlatter point is particularly relevant to P-syrm^e 
Sa^, which are divided into more than 40 and 140 
Sm^a^WTctivery. And it is consistent with tHe location of 
manv^TRenS on plasmids and the ability of aw- genes to 
Son I heterologous Hrp systems (20). In tins r^* 
one potential difference between the type IH systems of anunal 
and Slant pathogens is noteworthy. In animal ^thogen type m 
systems, the secretion of many effector proteins requires cus- 
tomed chaperones, which are often encoded by genes linked 
to eff^tor genes (76). The ability of many isolated avr genes to 
Sn^Srolo^usry in other pathogens or in nonpathogens 
carrying the pHIRll functional hrp duster suggests that Avr 
Sin delivery does not require specific chaperon* i or that a 
promiscuous chaperone gene exists within the hrp duster. 
P S new model of plant pathogenicity invites several fun- 
damental questions in plant pathology and pathogenic : micro- 
biology in addition to those discussed a ^ e J^ m ^^f 
svstei and the identification of its traffic How do Hrp-dehv- 
^ proteins alter host metabolism to promote bacterial 
^owth m plant intercellular spaces? How is f o^ancity 
determined at the pathovar-host species level? That ^ are 
alr-R gene interactions important here also, as suggested by 
* the discovery of novel avr genes through expression in heter- 
SogouT^athovars (44, 83), or do Avr-like protems have im- 
SSr^sitive effects in bacterial adaptation to hostsrx^es? 
Given the use of homologous secretion systems, how sunflar 
Seine 4cSons of the virulence proteins that plant ^d^am- 
mal pathogens transfer into their hosts? Sequence smulandes 
invohing secreted Yersinia proteins have been noted on£ be- 
tween YopN and YopJ and the K amylovora HrpJ and LK 
compear* p*. vesicatoria AvrRxv protems respectively (10 
4^ Snce YopN appears to be an extracellular component of 
the effector activity ot Yopl « > uo- 
known, this key question remains unanswerecL Further com- 
pos should us a broader perspective on the eyoluUon 
ofbacterial pathogenicity and may lead to unanticipated con- 
trols for diseases of both plants and animals. 
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Isolation of the hreX Gene Encoding the HR Elicitor Harpin (Xcp) from XanttuwMS S^f** 
dv pelargonii. S. SWANSON and Z-M. Wei. EDEN Bioscience Corporation, Bothell, WA 98011 USA. 
Phytopathology 90-.S75. PubUcation no. P-2000-0537-AMA. 

This study reports the isolation of a gene encoding a proteinaceous HR elicitor from Xanthomonas 
caLestrl pv. pelargonii, Xcp. The HR elicitor exhibits a high potency for eliciting HR in tobacco. 
Treatment of the Xcp HR Elicitor with proteases resulted in a loss of HR activity. Degenerate 
oligonucleotides were designed based on amino acid sequences obtained from the purified HR ehcitor 
and used to screen a Xanthomonas campestris pv. pelargonii genomic library An open reading frame, 
ORF was identified consisting of 381 base pairs that encoded a protein of 126 amino acids. The ORF 
initiated with a typical methionine start codon and was preceded by a putative ribosome-binding site. 
The ORF was designated as the hreX gene, encoding the HR elicitor harpin (Xcp). HreX has a molecular 
weight of 13.3KD, a theoretical pi of 3.8 and is glycine rich. Further studies of harpin (Xcp) and its 
bioactivity are currently underway. 
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Two novel regulatory components, hrpX and ^■ of ** 
hrp system of amylovora were Identified. The 

ArpXY operon is expressed in rich media, but Its transcrJp- 
tioo I Increased threefold by low pH, nutrient, and tern- 
nerature lerels— conditions that mimic the plant apoplast 
hrpXY is autoregulated and directs the exprwslonof fc^L; 
hrpL, In turn, activates transcription of other loci in the 
jg gene cluster (Z--M. Wei and S. V. Beer, J. Bacterid. 
177-6201-6210, 1995). The deduced amino -acid sequences 
of hrpX and hrpT are similar to bacterial two-component 
Stars including VsrA/VsrD of P " ud °^ 
Stoma) solanaccarum, DegS/DegU of Backus subtm, 
amTlJbpB/UbpA and Nar»NarP, NarL otEschenc/ua 
coli. The N-terminal signal-Input domain of HrpX con- 
tains PAS domain repeats. hrpS, located downstrewn of 
hroXY encodes a protein with homology to WtsA (HrpS) 
SS&S-JS) steworta, HrpR and HrpS of Pseud* 
monas syringae, and other ^-dependent, ^ancer- 
biding proteins. Transcription of hrpS also « Induced 
under conditions that mimic the plant apoplast. However, 
hrpS is not autoregulated, and its «P«ssion ,1s not affected 
by hrpXY. When hrpS or hrpL were provided on multicopy 
plasmids, both hrpX and hrpY mutants recovered the abU- 
iw to eUcit the hypersensitive reaction in tobacco. This 
confirms that hrpS and hrpL are not eplstatlc to hrpXY.K 
model of the regulatory cascades leading to toe mducbon 
of the E. amylovora type m system is proposed. 
Additional keywords: fire blight, pathogenicity, virulence. 

Erwinia amylovora is the causal agent of the fire blight dis- 
ease of many rosaceous plants including pear and apple (van 
oer Zwet and Beer 1999). The bacterium infects blossoms, 
leaves, succulent shoots, and immature fruits. Symptoms of 
the infected plants include water soaking and discoloration. 
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foUowcd by necrosis. Sometimes tbe disease kills whole trees 
or substantial portions, resulting in devastating economic loss. 
In nonhost plants such as tobacco and Arabidopsis, the bacte- 
rium elicits the defensive hypersensitive reaction (HR), which 
is characterized by rapid, localized, cell death (Goodman and 
Novacky 1994)* For infection and HR induction, genes gener- 
ally called hrp (hypersensitive response and pathogenicity; see 
Alfano and Collmer 1996 for a review) are essenual- 

Tbe hrp gene cluster of E. amylovora Ea321 has been 
cloned in several cosmids and enables nonpathogenic bacteria 
such as Escherichia coli to elicit the HR in plants (Becrctal- 
According to phenotypic analyses of mutants, hrp 
genes of E. amylovora are localized within a 25-kb region of 
DNA, consisting of at least eight transcriptional units (Wei 
and Beer 1993), Sequence analysis (Bogdanove et al. 1996; 
Kim et al. 1997) indicated that the majority of hrp genes en- 
code proteins that are thought to be components of a special- 
ized protein secretion apparatus called the type HI pathway 
(Hrp pathway for plant pathogens) (Galan and Bliska 1996). 
Several proteins including harpins (HrpN and HrpW) and a 
pamogcmcity/avirulence protein .(DspE) have been shown to 
be secreted via the pathway (Bogdanove et al, 1998a; Kim and 
Beer 1998; Wei and Beer 1993). 

Transcriptional expression of hrp genes is induced under 
conditions similar to the environment of the plant apoplast: 
low carbon and nitrogen, low pH (5.5). and low tenrperature 
(18°C) (Wei et al. 1992). Two independent loci, complemen- 
tation groups IV and V, in the hrp cluster were found to have 
regulatory function (Sneath et al. 1990; Wet and Beer 1993, 
1995). Mutations in these loci abolish harpin production and 
the HR-eiiciting and disease-causing abilities of £ amylovora 
(Wei and Beer 1993). PrcUminary sequence analysis indicated 
that one of them (group IV) contains a gene called hrpS 
(Sneath et aL 1990) that encodes a protein similar to (In- 
dependent transcriptional activators (Morett and Segovia 
1993). Complementation group V encodes hrpL (Wei and 
Beer 1995), which is homologous to genes encoding members 
of the'ECF subfamily of eubacterial sigma factors (Lonetto et 
aL 1994). HrpL recognizes conserved promoter sequences 
called "hrp boxes" (Xiao and Hutcheson 1994), and directs 
the transcription of other pathogenicity genes including hrp 
secretion opcrons (ferpA, hrpC, and hrpJ) (Wei and Beer 
1995) F harpin genes (hrpN and hrpW) (Kim and Beer 1998; 
Wei and Beer 1995), and a disease-specific locus (dspEF 
[Bogdanove et al. 1998b]; dspAB [Gaudriault et al. 1997]). 
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Hoe wc report the characterization of two new regulatory 
genes, designated hrpX and hrpY, and the further analysis of 
hrpS* hrpX and hrpY arc present in an operon situated between 
hrpS and hrpL. Analysis of deduced protein sequences sug- 
gested that they constitute a two-component regulatory com- 
plex; HrpX functioning as a sensor and HrpY as the response- 
regulator partner of HrpX. hrpX, hrpY t and hrpS are compo- 
nents of a complex regulatory network that leads to activation 
of hrpL and eventually other genes in the hrp cluster of E 
amylovorcu 

RESULTS 

Identification and sequence analysis of the hrpXY locus. 

Previous studies have identified several loci including 
hrpC y hrpA, hrpS, hrpL, and hipJ. that are essential for the 
Hrp phenotype (Bogdanovc et aL 1996; Kim et aL 1997; Wei 
and Beer 1993, 1995) (Fig. 1A). Preliminary genetic analysts 
of pCPP430 in Escherichia cdi suggested the presence of a* 
new locus, between hrpS and hrpL, that also is required for 
the Hrp phenotype and contains novel regulatory components. 
We have designated this locus hrpXY. 

A 3.4- kb B$m- and CM-dlgestcd fragment of pCPP430 
was cloned into pBtuescript KS+, resulting in pCPP1178. The 
sequence of the insert of pCPP1178 revealed two tightly linked 
open reading frames (ORFs) between hrpL and hrpS that are 
capable of encoding proteins of 495 and 213 amino acid resi- 
dues, respectively (Fig- IB)- These ORFs were named hrpX and 
hrpY, respectively. Potential ribosome-binding sites, AGGAG 
and TGGAA, were found 5 and 7 bp upstream of the hrpX and 
hrpY start codons, respectively. Although the ribosome-bind- 
ing site ahead of hrpY weakly matches the consensus sequence, 
we assume it is sufficient for translation of hrpY; only a 4-bp 
space exists between the hrpX stop codon and hrpY start 
codon and translational coupling is plausible. To confirm that 



the hrpX and krpY ORFs produce proteins, pCFP1178 was 
placed in a gene expression system me di ate d by the T7 KNA 
polymerase. Two distinct protein bands were visible following 
sodium dodecyl sulfate-^lyacrylamide gel electrophoresis 
(SDS-PAGE). The apparent molecular masses of HrpX and 
HrpY were about 50 and 25 kDa, respectively (data not shown), 
close to the sizes expected from the deduced ainino acid se- 
quences. 

The start codon of hrpX is located 146 bp ckrwnstream of 
the hrpL stop codon, and a promoter prediction program (see 
Materials and Methods) identified two putative a 70 promoter 
sequences, TAGACG-Nn-TAAAGT (score from promoter pre- 
diction by neural network - 0.97) and TTGCAA-Nw-CCTAAT 
(score = 0.95), 111 and 33 bp upstream of the hrpX start 
codon, respectively. There is a 361-bp noncoding region be- 
tween hrpY and hrpS. Palmdromic sequences that may serve 
either as targets of regulatory components ox as transcription 
terminators, GTAAACANTGTTTAC and GGATAAAATGG* 
TIXnX3G-N7^CGCTTCCAITITArCC, were identified in the 
hrpL-hrpX and hrpY-hrpS intergenic regions, lespectively. The 
tight linkage of hrpX and hrpY % and the existence -of long non- 
coding areas and inverted repeats upstream of hrpX and 
downstream of hrpY, suggest that the two genes form an op- 



HrpX and HrpY constitute 

a two-component regulatory system. 

Comparison of the predicted amino acid sequences of hrpX 
and hrpY with sequences in the data bases revealed significant 
similarities with many two-component regulatory proteins. 
The homologs include VsrA/VsrD of Pseudomonas (now 
Ralstonia) solanacearum, which regulate virulence gene ex- 
pression (Huang et aL 1995b); UhpBAJhpA of Escherichia 
colU which participate in the regulation of sugar transport 
(Fnedrich and Kadner 1987); NarX/NarP^NarL of Escherichia 
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coli, which are involved in the regulation of ana^c rc^H 
nm gene expression (Rabin and Stewart 1993); and 
H/MJ of Bacillus subtilU, which are involved m extra- 
Su^en^^u^on (Knnst et al 19S8) (Fig. 2; ^ 
1). In addition, HrpY showed high sequence sninlanrv wrj 
many other transcriptional activators including ^A " 
wvtavora (33% identity), which is involved in global control 



of virulence (Eriksson et al. 1998); UvrY of Escherichia coli 
(33% identity) (Sharma et al. 1986); SirA of Salmonella ty 
phimurium (32% identity) (Johnston et aL 1996); and GacA of 
several animal- and plant-associated Pseudonwnas spp. (29 to 
30% identities) (Lavillc et al. 1992). 

The high sequence similarity of HrpX with histidine kinases 
suggests that HrpX is a sensor, HrpX has the conserved His 
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ScS^^parcd protein* N^of/^ = V ^S™X». only 27 to 152 residues of Nlfl. 
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residue for autophosphorylation and a hydrophobic domain that 
may enable the protein to be transiently associated with the cy- . 
toplasmic membrane (Fig. 2B). The C-terminal putative trans- 
miner domain (residues 273 to 494) of HrpX shows most simi- 
larity to the kinase domains of the seiisor proteins listed m Table 
1- the N-teraunal putative input domain of HrpX shows similar- 
ity to PAS domains (Zhulin et al. 1997) of MethanobocttHum 
thermowaotwphicurrh Azowbacter vmelandu, and other organ- 
isms. Several PAS-containing proteins are sensors of bacterial 
two-component systems, Hie PAS domain typically consists of 
two direct sequence repeats (PAS-A and PAS-B), and each re- 
peat contains two highly conserved regions called S t and 
boxes (Zhulin et al. 1997). In the case of HrpX, the second re- 
peat (PAS-B) seems imperfect (Fig. 2B). Based on ScanProsite 
analysis (Appel et aL 1994), another feature of HrpX v*th un- 
known functional relevance is a putative tyrosine kinase phos- 
phorylation site (PROSrTE:PS00007). 

HrpY appears to be a response regulator with a putaUve re-^ 
ceiver domain at the N terminus (up to 102 amino acid resi- 
dues) and a DNA-binding domain at the C terminus (Fig^2A). 
As shown in Figure 2C, HrpY contains the conserved Asp 
residue, which may be phosphorylated by the sensor, and the 

TftMc 1. HrpX and HrpY of Erwinia amylovom compared with 
^^V^gulatorT^rins (sensors/response regulators) of other 

bacteria 



Bacterium 



Protein Amino actda % Identity* 



Escherichia coti UhpB/UhpA 500/196 32/32 

B^sMto DegS/DegU 385/229 32*S 

^MiaSi NarX/NarP, NarL 598/215, 216 31/33,32 

• % identities from a BLASTP search of HrpX and HrpY with default 
wrameters. except (oi no filtering for low complicity regions Only 
STnStter domain of HrpX (residues 273 to 494) was used for 
comparisons with other sensor proteins. 
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Hg. 3. Genetic chaxactertoaon of the hrpXT locus. A, l^i of 
nSsposon iascrtions and pbenotypes aihrpX ™*JW*™^1°^ 
^amylovora Ea32I. Rectangto above map of r«mc^ne^me« 
and mnsposoos represent transcripDonal units. Arrows: toctions of 
ZsS^Closed flags: insertions by TnS-gusAJ. Opea flags: »»- 
ri^VhvTWioA Uollipop: a TWO-miniKm insertion. Mutants shown 
LJus s^bclow insertion points did not elicit the hypcwnsitvc 
(HR)or cause disease (Hrp->; a muttnt shown by ± ^rxequenUy 
SSted spotty HR and showed low virulence. B, Complementation 
^of^X and n^r mutants of £ Ea321 w^vanous 

niasmids. Closed circle: plasmid complemented Hip phenotype of the 
mutant containing the transposon insertion in the same column. Open 
circle- plasmid did not change the phenorype of corresponding mutant. 



helix-tum-hdix DNA binding motif. HrpY also has a se- 
quence that matches the Myc-type belix-loop-helix dlrneriza- 
tion domain signature (PROSTCEtfSOOOJS), the functional 
significance of which remains to be tested. 

Genetic characterization of HrpX and HrpY, 

The hrpXY locus in pCPP430 was mutagenized with trans- 
posons Tn5-gusAl and TnphoA. I^erivatives of pCFP430 
containing the transposon insertions were marker-exchanged 
into the genome of £. amylovora Ea321. All hrpY mutants of 
Ea321 failed to elicit the HR in tobacco and to infect imma- 
ture pear fruits (Fig. 3A)* Two classes of hrpX insertion mu- 
tants were obtained. Ea321-G15 and Ea321-G7, which were 
made with Tn5-gusAl, were similar to hrpY mutants in phev 
notypes. Ea321-P7, an krpX::TnphoA mutant, caused slight 
tissue collapse in tobacco at higher inoculum dose and had 
low virulence in immature pears, rather than the strict Hrp" 
phenotype (Fig. 3A). Specifically, tobacco leaves infiltrated 
with Ea321-P7 at > 5 x 10* CFU per mi developed a spotty 
HR 36 h after infiltration. Also, in immature pears inoculated 
with the mutant, bacterial ooze appeared 3 days later than in 
those inoculated with the wild type, and the population of the 
mutant recovered was only one-tenth of that of the wild type 
(data not shown). 

Virulence of the mutants was restored to near wild-type lev- 
els by providing the mutants with pCFP1178 in trans (Kg. 
3B). The hrpX:\Tn5'gusAl mutants of Ea321 were not com- 
plemented by pCPP1178-P4 that contains a transposon inser- 
tion in hrpY (Fig. 3B). This suggests that hrpX and HrpY are in 
the same transcriptional unit and the InS-gusAl mutations in 
hrpX are polar. We found, however, that the hrpX::TnphoA 
mutant Ea321-F7 can be complemented by pCPP1178-P4, 
indicating that the TvphaA insertion of hrpX did not affect the 
function of hrpY (Fig. 3B). TnptoA-induced mutations that 
permit the expression of downstream genes have been ob- 
served frequently in E. amylovora (jL Wei and S. V. Beer, 
unpublished data) and Pseudomonas syringae (Huang et aL 
1995a). Thus, we believe that the P7 insertion is nonpolar and 
that the peculiar phenotype of the Ea321-P7 may reflect the 
function of hrpX. 

All the transposon mutations in the hrpXY locus were com- 
plemented by derivatives of pCPP430 with transposon inser- 
tions in hrpS or hrpL (data not shown), confirming the sug- 
gestion from sequence analysis that hrpX and hrpY constitute 
an independent complementation group. Based on results of 
sequence analysis and genetic characterization, we conclude 
(i) hrpXY is required for the Hrp phenotype, and (ii) hrpX and 
hrpY constitute a two-gene operon, hrpXY, 

Expression of HrpXY is environmentally regulated. 

A new construct, pCFP1203, was used to monitor expres- 
sion of the HrpXY promoter in a nutrient-rich medium and a 
minimal medium that induces the expression of Hrp genes 
(Wei et al. 1992). pCPPl203 was derived from pC?P1178- 
G15 (hrpX\\Tn5-gusAl) in which the directions of HrpX and 
gusA are the same. pCPPll78-G!5 was digested with BarnHl 
and SocI (an Sacl site is present in the vector), which cuts out 
the HrpXY promoter region, a 5* portion of the HrpX coding 
region fused to Tn5-gusAl r and the whole transposon. The 
resulting fragment was then ligated to pOPP43, which had 
been digested with the same enzymes- pCFP43 (gift of David 
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W Bauer) is a derivative of pOU61. which is a tow<opy- 
number plasmid (approximately one copy per bactenum at 
30°O (Larsen et al. 1984). 

fa £«nyta«m and Escherichia coli, fl* 
rccted high levels of basal expression in Luna broth (LB). Mt 
expression of hrpX.XnS-gusAl was enhanced mthe 
EftoLmgiririnri medium (IM) fTabte 2). Enhanced leveU 
ThrpX-^gusAl expression were also observed • 
Of the strains in tobacco leaves and unmature pears 
shown). No ^glucuronidase (GUS) activity was detected for 
£*Mi coll S02OOAui<M(pCPP12O3) unless functional 
S was provided fTable 2). Similarly, high basal^el «- 
Son of ::Tn5-««Ai of Ea321(pCPPia») ^Me2. 
Kbly due to functional hrpXY present u> thechron«some. 
StaL two observations indicate thai hrpXY >s also au- 
torcgulated. 

hrpX and AijfF control the expression of hrpL. 

To study me effect of hrpXsB&hipY ^con^olof J/jfc 
expression, a hrpU^S-gusAJ f^.on (pCPP139^) (Wei 
and Beer 1995) was marker exchanged into an hrpX mutant 
ffia321-F7) and an kj* mutant (Ea321-P4), to generate hrpX- 
w S\%Y.h7L double — Ea321-P7G44 and 
Ea321-P4G44 respectively. Mutation in hrpY completely 
abolished hrpL expression (Fig. 4). However, the A/pX mutant 
SShrpI exp& only to about 20* of -ts w Jd^ype 
£U opening the possibility that the mutated HrpX maybe 
still partially functional or another sensor protein may cross 
talk with HrpY. 

Analysis of the hrpS locus and the ORFs 
between hrpS and hrpA* 

hrpS also partially controls hrpL expression in B amylo- 
w 7and is located downstream of hrpXY (We, and Beer 
i«»y> We report' here the entire nucleotide sequence of the 
rerion b^e^rpTand hrpA, which includes hrpS. to conv 
p1fr«ht^nuTary results on hrpS presented previously 

(S ^Jno^f£ arnvtovom Ea321 contains a single-gene 
opcronTSsed on the large intergenic beyond d^^ng 

rerion of hrpS, and a potential terminator, CGGCGACAGC-Ng- 
Sct^TCC^G. thaTlies 49 bp downstream of the hrpS stop 
^S^ORF is preceded by a potential promote 
rrmTYT A-N , . -TATTAC (score from promoter prediction by 
neS^S UK and it encodes . £24 s^oacid gjlj. 
HtoS has homology to members of the o^-dependent. enhancer- 
LSpS Sly (Morett and Segovia 1993). HrpS snows 
SSce similarity with WtsA (HrpS) of Ermma 
^aT^anU (Frederick et al. 

322 amino acid residues without gaps from BIASTP), HrpR 
*nd ttnS of P syringe* pathovars (51 to 55* identities) 

sop- 09* identities) (Jiang et aL 1989; JRonson et al. WSJ. 
iSnS of £ amvtoww has two putative ATP-binding sites at the 
• ^t^ a ^-^-^NA-binding motif at *e C 
terminus (Fig. 5A). HrpS shows high sequence ^ » 
oto regulawrs in the NtrC family throughout the enore o 54 
^tio^ain. However, similar to other HrpR^pro- 
jdns. HrpS of £ cmylovora contains a very short N-tominal A 
domain^hhigler 1996), and seems to lack the phosphorylation 
receiver domain (Fig. 5A)- 



In the region between hrpS and hrpA, tee potential genes, 
designated orfUO, orfUl, and orflTZ (Fig. IB), were identified 
by application of the GeneMarkiimm algorithm (Uikashin and 
Borodovsky 1998). orfUOisz small ORF encoding a 46 amino 
add basic protein, without significant similarity to any protein 
in the data base, Preceded by GGAX3T 8 bp upstream, orfUl 
encodes a 203 amino acid bask: protein that is similar to a con- 
served hypothetical protein HP1401 of Helicobacter pylori 
(32% identity over 164 amino acid residues with 12 gaps) (Hg. 
5B). Interestingly, protein sequence of the next QRF, orfUZ* 
shows even higher similarity to HP 1401 (residues 189 to 229; 
41% identity without gaps). This suggests the possibility that a 
frame shift in orfUl-orjU2 resulted in the two current ORFs, 
and that both may be defective. The lack of an obvious promoter 
in front of orfUQ, the lack of good ribosome-biixiing sites in 
front of orfUO and orfU2, the potential trame-shift mutation at 
the 3' region of orjUL and the lack of a phenotype of TnpftoA- 
roduced orfUl mutants (data not shown) indicate that the region 
comprising orflJO-orfW is unlikely to be functional in Ea321. 

Expression of hrpS Is not autoregulated, and induction 
of hrpS is Independent of hrpX or hrpY. 

An hrpSi.gusAl fusion dr^gnatrd G107 (Wei et aL 1992) 
was used to assay the expression of hrpS. A fragment of 

Table 2, Expression of the /i/pXT promoter in Laria bram (LB) and in a 
fop-uiducing rr inirm ^ medium (IM) 



Bacterial strata* 



GUS activity* 
IM 



LB 



Erwiida amylovora Ea321(pCPPl203) 

E. coU S02OOAuuM(pCPP12O3) 

£ coli S02OOAi^iA(pCPP12O3, pCPPl 178) 



242 ±12 788 ±32 
2*3 3*3 
145 ±19 878*33 



* £. coli S02OOAwidA is an Escherichia coli strain with no ^glucuron- 
idase (GUS) activity due to deletion of gusA. pCPP1203 is a low-copy- 
number plasmid containing ArpX::Tu5-s*«Ai; pCPP1178 is a lug*» 
copy-number plasmid contaimug^functiooal hrpX and hrpY genes, 
picounits per CFU; mean of three replicates ± standard deviation. 





ES3214344 Ea321-P4G44 Ea321-P7G44 



Gepolype 

Fig. 4. Effect of nmtadons in hrpX and W™"?* 1 *^* % 
tootypes of the strains are Ea321-G44. hrpUiTr&gusAl (We* and 
Beer 1995V. Ea32t-P4G44 % hrpYv.TnphoA and hrplAfTnS-gusAJ; and 
Ea321-P7G44, hrpXr.TnphoA and hrpU^-gusAl. Error bars: stan- 
dard deviation from three repUcatcs. Cells grown m mducmg rneduun 
(IM) were assayed (see Materials and Methods for deuuls). 
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pCFP430-G107 digested with Banim contains the whole trans- 
pose^ the hrpS gene fused to 7n5-gusAl, and tbc /i/pS pro- 
moter region. This BamHl fragment was li gated wife a tow- 
copy-number plasmid, pCPPS (Bauer 1990), that was cut wife 
fee same enzyme. The resulting plasmid was designated 
pCEP1058. As with hrpXY, expression of hrpS in Escherichia 
coli or in E. amylovora was induced under ^inducing 
conditions (Table 3). However, autoregulation was not re- 
quired for hrpS expression; the presence of functional hrpS 
did not affect the expression of a hrpSngusAl fusion in 
pCPP1058 (Table 3). 



To determine whether fee newly discovered two-component 
system has any effect on fee expression of hrpS, an 
hrpS::Tn5-gusAl fusion (pCPP430~G107) was marker-ex- 
changed into hrpX and hrpY mutants. Neither hrpX nor hrpY 
affected hrpS expression significantly (Fig. 6). 

hrpS and hrpU provided by multicopy plasmids, 
suppress defects in hrpX or hrpY. 

To farther characterize the regulatory relationships between 
hrpXY, hrpS, and hrpU fee HR-impaired strains Ea321-P7, 
Ea321-P4, and Ea321-G107 were transformed wife pCPP1178 
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(contains hrpXY). pCPPlOOl (contains ftrp5) (Wa and 
1995) or pCmOfli (contains topi.) (Wei and Beer 1995>Tbc 
£2s£ Snsfonnants were irdttnued in* ^ofU*a^ 
SI ^ determine which, if any. of the regulatory genes, 
wb^rJLat in multiple copies, are sufficient to restore the 
S ^ty to the rrurtants Panels 
VLy a-,, hrvY mutants containing fcrpL developed the HR 

o£ faster than panels infiltrated wi* jta 
i™ s train The panels began to show collapse 8 to 12 h after 
^Si {JaE the whole infiltrated a^ had colled m 
inL This result is consistent with dependence of 
Impression on hrpX and hrpY. Interestingly, similar sup- 
XsioTwas observed from hrpX and hrpY mutan* contam- 
whereas AxpX and did not restore the HR pbe- 
notype of the hrpS mutant (Table 4). 

DISCUSSION 

The HrpX/HrpY two-component protein system. 

Ourrestdts demonstrate that £ amytovon. employs Ae 
H«Of/HmY two-component regulatory proteins to direct ex- 
2Sof an^rSe sigm. factor gene. hrpL. that to turn 
S£ Ttype m protein secretion system. This provides fw 
f Senate in ^pattern of gene expression needed to 
X iS. HrpX is a putative I^-type .sc^ ffarta^ 
S Kofoid 1992) composed of the f ™! 
and the C-terrninal histidine lemase donuun G*g- 2**- 
Z^JZ: m be cytoplasmic, and may be anchored to the inner 
K 5 K—» hydrophobic region. Other members 
^c^-containing IcT-type sensor kinases include NHL. 
NtrSand^k (Zhulin et aL 1997).HrpY appears to be a 
££ subfamily response regulator (Parkinson and Koforf 
V992). Consistent with the HrpX trar*mitter domam, ftpY 
shows significant sequence similarity to V«D, DegU. UhpA. 

M TwSomponent systems with PAS domains ta .me : sensor 
corn^eTinTlude MfUNHA. DctS/DctR, and BvgS/BvgA 
cS al 1997). Among these only NifL does not contain 
u^pcriplasimc domain, and HrpX is more similar to NifL 
Zn^ other wo. NifL and most other PAS-contammg pro- 
S^tnsoT^hulin et aL 1997).^ their rigaalug 
domains are located at the N terminus Parkinson andKo^d 
STnos, HrpX may directly perceive eaviromBenml s.g- 
Xwith i^tenninal PAS domain. One ^« 
~r~, a ;„ to act as a protein dimenzanan motif (Kay 1997). 
ST^« ?££2lSr« HrpX dimerizanon. which is 
Tor the factional state of two-component sensors 
(Parkinson and Kofoid 1992). 

Two-component regulatory system 
^rJtTt^o^ system is wide* used to con- 
troTSSalgene expression (Hoch and Silhavy 1995). ic 
S?5S Ato- mTgulation of the type m system are 
Srneiing- 1" * typhimmum, SirA is a response regulator 
i^Sfor toduction of hOA.prsHlJK, and sigDE (Hong and 
S^;tSton et a.. 1996). and the ^ 

. cv . trm reoresses the expression of the prg locus 

^^« J^99^^CpxA/Cp^ system controls the pH- 
f C i^? SS?of S Shi*££*i »rF gene, which 
SrtivScL and (Nakayama and Watanabe 



T^hle 3. Expression of the fc/pS pronootex in Loria broth (LB) and in 
hrp uttfrrftng p"*"™* mcdiuiP (IM) 



GUS activity* 



Bacterial strain" 



LB 



IM 



94±12 367 ±9 

1Q5±17 37S±23 

36 ±11 188 ±35 

42 ±21 229 ±29 



£, coil S02OOAioeW(pCPPlO58) 
£. S02OOAuiVW(pCH>lO58. pCFPlOOl) 

Erwinia amylovora Ea321-G107 i 

Erwinia cmylcvora Ea32l<UOT(pCPP1001) 

•£. coli $02OQ&uidA is an Escherichia coU strain with no 
rfucurcmidasc (GUS) activity due to deletion of gosA. £r>^ amyto- 
vora Ea321*G107 is a mutant of Ea321 containing a Tn5-gusAl inser- 
tion in hn>S (Wei et aL 1992). pCPP1058 is a ^^copy^ttmber ptos- 
mid containing A^t:Tn5-guxAi; pOTlOOl is a bigh^p^mxnte 
plasmkJ curling the functional gene and iU promoter (Wei and 
Beer 1995). 

b Picounits per CHJ; meanof tee replicates ± nandard deviation. 



200 n 




-I 

ea321-G107 Ea321-P4G107 Ea321-P7G107 

Genotype 

Fie 6 EfTect of mutations in hrpX and hrpY on expression of A#pS. 
S^^^e strains are aS-OW?/, ^/^^V^^t 
1992) Ea32l*P4G107. «rpy::Tap?u>A and ^::Trt5- S uxAi; and EaS2V- 
^GloTUx^Tiipfavl and krpS::TnS*gusAJ . Error «antod 
aeration to replicates. Cells grown m Indu^ niedinm (IM) 
were assayed (Materials and Methods contains details). 

Table 4. Hypersens itive reaction (HR) dicitanon by top regnlanon mutants 

HRpbenotrpr* 



Ea321 


wild type; hrp* 




Ea32l4*7 

Ea321-P7(pCPPH78) 
Ea321-P7(pCPP1001) 
Ea321-F7(pCPPl078) 


hrpX 

hrpX{hrpXlTy 

hrpXihrpS*) 

hrpXihrpLT) 


± 


Ea321-P4 

Ea321-P4(pCPPn78) 
Ea321 -P4^>CPP1 00 1) 
Ea321-P4(pCPPia78) 


hrpY 

hrpYihrpXlT) 

hrpY{hrpS*) 

hrpYihrpLr) 




Ea321-G107 
Ea321-G107(pCPPl 178) 
Ea321-Gl€7(pCPPl001) 


hrpS 

hrpS(hrpXm 
hrpSOirpS*) 





• +++. full HK maniiesiea oy u^^w * -r~ . 

trated area; ++, reduced HR, which Is spotty and ^fjf^^'j'^'jjj^! 
intrequent collapse and smaU spotty neoeosis to HR^d ve te.v« 
flud-T. no HR. tooenlam coacenwuion ar^proximately 2 x 1^ CPU 
per nil. Ratings (consensus of four plants) were made 36 h after m- 

- FuUHRwas observed at inoculum levels of 2 5 x 10* CFV per ml. 
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1995) Also, the BvgS/BvgA system was recently found to be 
involved in the regulation of the type HI secretion in Borde- 
uUa bwnchisepnea (Yuk et aL 1998). Among plant pathogens, 
HrpG of Xanthomonas campestris pv. vesicatona, a homolog 
of response regulators, has been shown to regulate hrpXv and 
hrpA expression (Wengelnik et aL 1996). 

The structure of the input domain of E amylovora HrpX 
appears to be exceptional, compared with sensor proteins in- ' 
volved in other type IH systems, which contain two trans- 
membrane regions and a periplasmic domain. The closest 
homologs of E amylavora HrpY are SirA and ' Bv^ bo* of 
which are ROnrtype regulators (Parkinson and Kofoid 1992), 
whereas X campestris HrpG belongs to the ROp type, which 
includes Escherichia coli CpxR and OmpR, S. typhimunum 
PhoP and Agrvbacterium tumefaciens VuG. Thus, at least two 
types of transmitter-receiver systems appear to have evolved 
fcTcontrol of type HI systems in response to environmental 
stimuli in hosts. Also, the two two-component systems idenn z 
fied in the plant pathogens E amylovora and X. campestris 
fall into different communication groups. 

HrpS and mechanism of g«n* regulation. 

Hrps is a member of the o^-dependent, enhancer-bindmg 
protein family- Both hrpS and rpoN are required for transcrip- 



tion of hrp genes mE syringae pathovars (Grimm et al. 1995; 
Xiao et al. 1994). WtsA (HrpS) of E stewtii controls ex- 
pression of wmB, which also requires the presence of a 54 
(Frederick et al. 1993). In E amylovora, HrpS partially regu- 
lates hipL expression (Wei and Beer 1995), and a sequence, 
TGGCAC-Nj-TTGC, that perfectly matches the -24/-12 
promoter consensus sequence is found at the promoter region 
of £ amylovora 'hrpL. The hrpS gene of E amylovora, but not 
hrpS of P. syringae pv. phascolicola, can complement the 
hrpS mutation in E stewartU (Frederick et aL 1993). The 
HrpS sequences of the two erwinias are highly similar, and 
even the upstream noncoding regions appear to be conserved, 
except for the insertion of a 484-bp sequence, reminiscent of 
an IS (insertion sequence) clement, 23-bp upstream of the E 
stewartU hrpS ORF. 

As a member of the NtrC family, HrpS is unusual in that it 
lacks a long N-terminal receiver domain. Control of protein 
activation by phosphorylation, by protein-protein interaction, 
and by signal molecule have been suggested for o^-dependent 
proteins (Stringier 1996). In the direct activation model, 
derepression by effectors seems to be a mechanism of protein 
activation. For DctD, DmpR, and XylR, deletion of the re- 
ceiver domain results in constitutive activation of the proteins, 
suggesting thai the receiver domain has a repressor function 



Plant apoplast 

Low pH 
Low nutrients 
Low temperature 





Erwinia 
amylovora 



dspE hrpW hrpN 

Proteins secreted 
via the Hrp apparatus 



Components of the Hrp (type III) 
protein secretion system 



n^Jc,^ promoter, and filled triangle. HipL promoter. 
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fShinglcr 1996)- Therefore, the apparent absence of the re- 
ceiver domain in HrpS implies that HrpS may not require 
phosphorylation for activation and is always active once the 
protein is made. 

Induction of hrpXY aadhrpS and the involvement 
of HrpXY and HrpS In hrpL regulation- 
Expression of hrpS and hrpXY is induced by conchuons that 
mimic the apoplastic environment (Wei et al. 1992; this 
work). hrpXY shows high basal-level expression, and au- 
toreeulation is involved in gene induction. However, hrpS is 
not autoregulated based on results of the GUS assay, suggest- 
ing that there may be upstream regulatory components. Al- 
though hrpS provided in multiple-copy plasmids reverses the 
Hnr phenotypc of hrpX and hrpY mutants, the independence 
of hrpS from hrpX and hrpY suggests that hrpXY is not ems- 
tatic to hrpS and environmental signals may go to hrpS 
through a different pathway. ~ 
Earlier work on hrpL and hrpS (Wei and Beer 1995) estab- 
lished that HrpS partially controls hrpL expression. Our cur- 
rent work indicates that the HrpXfflrpY system contributes to 
hrpL induction. Based on the role of hrpXY and hrpS m regu- 
lating hrpL and the lack of effect of A^X and hrpY hrpS 
expression, one might place hrpS upstream of hrpXY. This 
notion is precluded, however, because hrpXY does not over- 
ride hrpS mutation. As mentioned above, the opposite is not 
likely either. Therefore, it seems that signals independently 
perceived by hrpXY and hrpS converge at hrpL. 

Neither HrpS nor HrpY alone induce high levels of hrpL ex- 
pression, suggesting that cooperation of HipY and J^^possi- 
blv through protein-protein interaction, may be needed for full 
activation of hrpL. In this model, HrpS may be a positive acti- 
vator of hrpU while HrpX/HrpY may act as a modulaw ■* 
hrpL transcription. X^lemcntanon of hrpX and hrpY mutants 
for the HR phenotype by overexpressed hrpS supports mis 
model. The regulation of eps genes of H solanacearum seems 
similar, both VsrD and FhcA regulators bind to me ^^J^ 
moter region and control xpsR expression (Huang et al. 1995b). 
In P syrlngae pv. syringe*, HrpR and HrpS have been proj^ed 
to work together to control hrpL expression (Xiao et al. 15W), 
although a different opinion exists for homologous proteins m P. 
syringae pv. phaseolicola (Grimm et aL 1995). 

hrp cene regulation and Hrp phenotypes, 

hrpYundhrpS seem to be crucial to the pathogenic life-style 
of £. amylovora, since their mactivanon by mutagenesis re- 
sults in loss of pathogenicity in immature pears (Wei et al. 
1992- this work). The hrpX mutant, however, shows an at- 
tenuated phenotype: slightly lowered hrpL expression and 
reduced HR and virulence at higher mc>culum doses. Cur- 
rently, we cannot rule out the possibility of partial HrpX func- 
tion in that mutant, even though leaky phenotypes of sensor 
mutants have been documented for other two-component sys- 
tems (Stock et al. 1989). It is interesting to note that, although 
hrpX and hrpS mutants show different phenotypes (the former 
reduced Hrp and the latter Hrp"), both are similarly affected in 
hrpL expression, i.e. only three- to fourfold reduction. Uns 
suggests that either there is a threshold level of hrp gene ex- 
pression required for causing disease, or hrpS is involved m 
expression of other genes that contribute to paOwgemciry. Fur- 
ther study might distinguish between these two possibilities. 



The incomplete complementation of hrpX and hrpY mutants 
by hrpXY provided in a multicopy plasmid at lower inoculum 
levels 2 x 10 s CFU per ml) is, intriguing and deserves for- 
mer investigation. One explanation for the results could be that 
defective HrpX and HrpY in the mutants interact with func- 
tional HrpX and HrpY, and, possibly by forming heterodimers, 
interfere with the full activity. Alternatively, overraoduced HrpX 
and HrpY may somehow down-regulate hrpS expression- 
Model of the E. amylovora hrp gene expression. 

Based on previous studies (Bogdanove et al. 1996, 1998b; 
Kim and Beer 1998; Kim et aL 1997; Wei and Beer 1995; Wei 
et al. 1992) and results described in this work, we propose a 
scheme of hrp gene regulation in £ amylovora (Fig. 7). When 
the bacteria enter the plant apoplast, HrpX perceives environ- 
mental signals and is phosphoryiated. Activated HrpX men 
phosphorylates HrpY to activate it, and increases the expres- 
sion of hrpXY to produce more HrpX and HrpY. Independently, 
expression of hrpS is induced in response to the changed envi- 
ronment. Activated HrpY and HrpS. bound to the hrpL pro- 
moter, then interact with the RNA r^lymerase-O 54 complex to 
drive transcription of hrpL. HrpS also activates other genes 
containing the -24/-12 promoter consensus sequence. Finally, 
the HrpL a factor, which recognizes a conserved promoter 
motif, GGAACC-Nu-CCACTAXT, directs transcription of the 
remaining hrp and dsp genes mat produce the secretion ma- 
chinery and virulence proteins thaUnteract with plant cells. 

MATERIALS AND METHODS 

Bacterial strains and growth condition* 

EL amylovora Ea321 is a wild-type strain that infects pear 
and apple (Beer et al. 1991). Escherichia colt DH5a was rou- 
tinely used for cloning of cosmids and plasmids. pCPPlOOl 
(Wei and Beer 1995). pCPP1036 (Kim et aL 1997), pCFP1078 
(Wei and Beer 1995), .and, pCFP1178 are subclones of 
pCFP430 (Beer et aL 1991), and tqntain ORFs in the same 
direction as the T7<J>10 promoter from the vector pBluescript 
KS+ Strains of E. amylovora Ea321 and Escherichia cdi 
were grown in LB (Sambrook et al. 1989) with vigorous shak- 
ing at 28 and 37°C, respectively. Inducing medium <3M) was 
used for inducing hrp gene expression as described previously 
(Wei et aL 1992). The antibiotics used to maintain selection 
* were ampicillin at 100 ug/ml, kanamycin (Km) at 50 ugtoL 
spectinomycin (Sp) at 50 ug/ml, tetracycline (Tc) at 20 ugftnL 
and carbemcOlin (Cb) at 300 iigtaL 

Recombinant DNA techniques and sequence analysis. 

Unless otherwise specified, basic molecular biolog y tech - 
niques were as described (Sambrook et al. 1989). Electropo- 
ration of plasmid DNA into E. amylovora 321 and its deriva- 
tives was done as described by Bauer and Beer (1991) with 
the Gene Pulser apparatus (Bio-Rad. Richmond, CA, U.S.A.). 

Deletion clones, generated from the Clal-BgOL insert in 
pCPP1178 with the Erase- A-Base kit (Promega, Madison, WL 
U.S.A.), were* sequenced' by the dideoxy chain termination 
procedure with the Sequenase sequencing kit (U.S. Biochemi- 
cal, Cleveland, OH, U.SJ^). Also, sequencing of the region 
between hrpA and hrpJ in pCPP430, pCPPlOOl, pCPP1036 
and pCPPH78 was performed on an ABI 373A automated 
DNA sequencer (Pertdn-Elmer, Norwalk, CT, U.S.A.) at the 
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Cornell University Biotechnology Program DNA Sequencing 
Facility with oligonucleotide primers synthesized at the same 

facility* . . 

DNA and deduced amino arid sequences were analyzea 
with programs in the GCG software package, version 73 
(Genetics Computa Group, Madison, U-S.AJ and 
DNASTAR (DNASTAR, Madison, m U.S.A.). Potent^ 
gcn « were identified with GeneMark-hmm O-ukaihin and 
BorodoYsky 1998; available on-line from the GeneMark web 
site). Homology searches were done with BI^ algorithms 
(Altschul et aL 1997; available on-line from the NCBI web 
site). Conserved patterns in proteins were found with Scan- 
Prosite (Appel et al. 1994; available on-Une). FmaUy. predic- 
tion of potential o w promoters were made with the Promoter 
Prediction by Neural Network method (Reese and Eeckman 
1995; available on-line). 

Expression of hrpX and hrpY in Escherichia coO. . 

A gene expression system mediated by a T7 RNA poly- 
me n£/promoter Clabor and Richardson 1985) was- used 
PCPP1178. which contains hrpX and hrpY ORFs driven by the 
T7O10 promoter from the vector, was mrroduced into &- 
cherichia colt DH5o(pGPl-2). Cells were incubated at 4VC 
to indoce the expression of the T7 RNA poly^rase jsene. and 
newly synthesized proteins were radiolabeled with *S-Met as 
described flabcr and Richardson 1985). P^ultmg sanies were 
S^ded in a sample buffer and heated to 95X for 3 mm 
beforTbeing ekctrophoresed in a 12% polyacrylarmde gel. 

Construction of mariser-exchange mutants. 

Chromosomal mutants were constructed by marker- 
exchange mutagenesis as described prev.ously (Wo et aL 
1992) A TniO-miniKm insertion or a TaphoA msemon. 
rrloned at the hrpXY or hrpL locus in Escherichia colt 
^S^420)Tkscherichia coll DH5o(pCPP1178). was 

in» * ""yionra Ea321 by 
with the helper strain, Escherichia coU HB101(pRK600) 
Odndly provided by E. R- Signer. Department of Biology, 
Massachusetts Institute of Technology. Cambridge). The 
transconjugants were selected on Laxia plates contaunng Km 
and Sp. andthen transferred to a low-phosphate nnnunal me- 
dium (Bauer 1990) to select for Km' Sp- f^^f^ 
mutants. The second mutations were generated by introducing 
individual hrpizmS-gusAl fusions into TniO-tmruKm or 
TnphoA mutants of Ea321. Since the transposon TnS-gusAl 
w two selection marker. Km and Tc. the second mntanon 
!£ Sc3SSl on Krf TC Sp- phenotyp^All the mutants 
were tested for the HR-eUciting ability and pathogemcrty. 
TnMM insertions P74 and P86 in pCPP103^ which were 
rapped to orfl/1. were introduced to the Ea32l genomeby 
e^rroporation and subsequent incubanon m a low-phosphaa 
medium with Km. Integration of the TnpteA fusioni fflWtte 
chromosome was confirmed by antibiotic resistance (&rf Of) 
and Southern hybridization with the transposon DNA as a 
probe* ■ 

Assay of GUS activity. , , fI1 . 

Overnight cultures in LB were transferred to fresh LB, and 
incubated further. For incubation in IM, log-phase ^tures m 
LB were centrifuged. and cells were washed with IM before 
they areresuspendedinlMto OD^ - 0-5. The cultures in IM 



were incubated for an additional 5 to 6 h at 24°C before assay 
of GUS activity. GUS activity was monitored fluorimctrically 
as described by Jefferson et aL (1987). Forty-five microliters 
of the log-phase culture in LB or the induced culture from IM 
was mixed with an equal volume of 2x assay buffer. After 
incubation at 37°C for 10 h, GUS activity was measured as 
described previously (Wei et aL 1992). The background fluo- 
rescence of Ea321-G77 (HrcV::Tn5~gusAI) (Wei et aL 1992), 
which has a gusAl insertion in the opposite direction of hrcV 
transcription, was subtracted from the readings of hrpizgusAJ 
fusion strains. The corrected fluorescence readings were con- 
verted to picounits of GUS activity per CPU. The GUS activ- 
ity of hrp-.:7n5-gusAl fusions also were determined in tobacco 
leaf tissues as described previously (Wei et al. 1992). 

Plant assays. 

Bacteria were grown in LB and harvested at mid-ex- 
ponential phase. Cells were resuspended in 5 mM potassium 
phosphate buffer, pH 6.5, harvested again, resuspended in the 
potassium phosphate buffer to approxiinately 2 x 10* CFU per 
ml, unless otherwise specified, and used far HR and patho- 
genicity assays. Tobacco plants {Nicoriana tabacum L. 
'XanthT) were grown in greenhouse soil mix to a height of 0.9 
to 1 m. Bacterial suspensions were infiltrated into each leaf 
panel of tobacco leaves with needleless hyrxxiermic syringes. 
The development of the HR was scored after incubation at 
room temperature for 18 to 36 h. Pathogenicity tests on im- 
mature pear fruits were carried out as previously described 
(Bauer and Beer 1991; Steinberger and Beer 1988). 
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NOTE ADDED IN PROOF 

A recent BLAST survey of finished and unfinished micro- 
bial genomes (available on-line from the NCBI web site) sug- 
gests the presence in Pseudomonas aeruginosa PAOl of a 
two-component system mat is highly similar to the 
HrpX/HrpY system (31% identity over 474 amino acids for 
HrpX and 489b identity over 208 amino acids for HrpYV-A— 
related set of proteins exist in the Pseudomonas putida 
KT2440 genome, 
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Bacterial home goal by harpins 

Ulla Bonas 



Host-pathogen interactions 
are dynamic and multi- 
factorial; whether a micro- 
organism succeeds or fails in col- 
onizing a potential host depends 
on factors from both organisms. A 
successful pathogen has to over- 
come the defenses of the host. In 
bacteria that are pathogenic for 
animals or for plants, particularly 
Gram-negative organisms, a large 
number of genes are essential to 
infect host tissue and establish 
disease. Expression of these genes 
is generally controlled by environ- 
mental conditions such as tempera- 
ture, pH, salt concentration and 
nutrient availability 1,2 . 

Pathogenicity, hypersensitive 
reaction and etlcitors 

In the Gram-negative plant patho- 
gens Erwinia^ Pseudomonas and 
Xanthomonas, genes organized in 
clusters of 25-40 kb are fundamen- 
tally involved in any obvious inter- 
action with a plant (for a review see 
Ref. 3). These genes have been des- 
ignated hrp (hypersensitive reaction 
and pathogenicity) because they are 
essential not only for pathogenicity 
towards a susceptible host plant, 
but also for interaction with re- 
sistant host varieties and with 
plants that are not a host for that 
pathogen. In plants, the hypersensi- 
tive reaction (HR) (Ref. 4) is a rapid 
defense reaction involving localized 
plant cell death and production of 
substances such as phenolics and 
phytoalexins at the site of infection. 
The HR prevents pathogen spread 
and thus halts disease development. 

In the wild, plants are resistant 
to the majority of pathogens. Tlie 
HR, therefore, is an important de- 
fense mechanism against all kinds 
of possible disease agents (bacteria, 
fungi, nematodes and viruses). It is 
not only important to interactions 
of pathogens with nonhost plants, 
but also to interactions between 
plants that carry resistance genes 
and microorganisms that are patho- 
gens for that species. 



Although the genes involved in 
plant defense 3 ** are becoming better 
understood, very little is known 
about the nature of the initial sig- 
nals and their perception. Induction 
of the HR in a bacterium-plant 
interaction requires functional hrp 
genes and appears to be mediated 
by signal molecules or 'elicitors*. 
Recent DNA sequence analyses 
indicate that several putative Hrp 
proteins from different species are 
related and may be involved in a 
secretion system reminiscent of 
secretion of Yops (Yersinia outer 
proteins) in Yersinia 7 ' 11 - So far, only 
one specific elicitor of the HR in 
a bacterium-plant interaction has 
been described The airrD gene from 
Pseudomonas syringae pv. tom- 
ato mediates production of a low- 
molecular-mass compound that 
specifically induces the HR only 
in the soybean plant (a nonhost) 
when it carries the corresponding 
Rpg4 resistance gene 3 * u . 

Harpins 

Recently, two bacterial HR-in- 
ducing proteins, called *harpins\ 
were identified in Erwinia amy- 
lovora n and P. syringae pv. syrin- 
gae™. Although the harpins differ 
in primary sequence, they have 
several features in common: they 
are glycine rich and heat stable, 
and they both induce an HR in 
tobacco, a nonhost plant for these 
bacteria. The genes encoding har- 
pins are localized within the hrp 
clusters and obviously have a dual 
role in that they are also required 
for pathogenicity towards the 
normal host plant. Both hrp clus- 
ters allow nonpathogenic bacteria, 
such as Escherichia co/i, to induce 
an HR in tobacco after recombi- 
nant expression, suggesting that 
the genes for the tobacco HR 
elicitors are present within the 
clusters 15,1 *. 
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The first harpin to be ident- 
ified, harpin^, is a cell-envelope- 
associated protein encoded by 
the hrpN gene of Er. amylovora, 
a pathogen of pear and apple 13 . 
Recently, He and co-workers 14 have 
used an elegant approach to ident- 
ify harpinpu, which is encoded by 
the hrpZ gene in the bean patho- 
gen P. s. pv. syringae. Lysates of 
an expression library in £. co/i, 
made using the cloned P. s. pv. 
syringae hrp cluster, were directly 
screened for HR-inducing activity 
on tobacco leaves. Two proteins 
were identified, one of which was an 
ammo-terminal deletion of harpin^ 
with even higher activity than the 
full-size protein; whether process- 
ing occurs during natural infection 
is not clear. Interestingly, the car- 
boxyl terminus contains two short, 
direct repeats that are essential 
for elicitor activity. The activity 
is in the same range as that of 
the Erwinia harping however, to 
elicit an HR in other plants requires 
higher levels of the elicitor. He 
et al show convincingly that the 
secretion of harp in p„ by P. s. pv. 
syringae depends on a product 
called HrpH that is closely related 
to proteins in other plant patho- 
gens, and also in animal pathogens 
such as Yersinia and Shigella^ 
where they are essential for pro- 
tein secretion 9 ' 10 ' 14 . 

These exciting findings help ver- 
ify the model that Hrp proteins 
are involved in the transport of 
elicitors and virulence factors 7 . Not 
surprisingly, the results presented 
by He and co-workers 14 also stimu- 
late many questions. It needs to 
be shown that harpin Pll is actu- 
ally secreted when the bacterium 
interacts with tobacco tissue (the 
hrp genes were induced in vitro). 
The concentration needed for HR 
induction (more than 600 nM) is 
much higher than one would ex- 
pect for specific signal molecules. 
Are harpins toxins? Most import- 
antly, what is their function in 
pathogenicity, and why do they 
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not elicit an HR in the host plant? 
Arc harpins the only elicitors of 
nonhost HR in tobacco and poss- 
ibly in other plants? Is the same 
mechanism used in tobacco to rec- 
ognize both the Erwinia and the 
P. $. pv. syringae harpins? Is host 
resistance different in mechanism 
from nonhost resistance? Answers 
to this fascinating puzzle require 
the identification of more HR 
elicitors and their putative plant 
receptors. 
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Initiation and spread of oc-herpesvirus 

infections 



Thomas C. Mettenleiter 



Herpesviruses are large ani- 
mal viruses with a DNA 
genome varying from ap- 
proximately 120 to 250 kb : Based 
on their biological properties, the 
Herpesviridae have been divided 
into three subfamilies, the a-, p- 
and y-herpesvirinae, prototypes of 
which are the human pathogens 
herpes simplex virus (HSV), 
cytomegalovirus (HCMV) and 
Epstein-Barr virus (EBV), respect- 
ively. As enveloped viruses, they 
depend on two consecutive pro- 
cesses for infectious entry into 
target cells: (1) attachment of free 
virions to cells and (2) penetration, 
that is, fusion of virion envelope 
and cellular cytoplasmic mem- 
brane leading to release of the 
nucleocapsid into the cell. Virion 
envelope glycoproteins play 
important roles in both these 
processes (see Refs 1,2 for recent 
reviews). 

After infection of primary tar- 
get cells, virus spread can occur 
by several different mechanisms. 
Infected cells may release infectious 



virions that reinitiate infection from 
outside. In addition, direct viral 
celi-to-cell spread from primary 
infected cells to adjacent non- 
infected cells may occur. In the host, 
virus may be disseminated by cir- 
culating infected cells that adhere 
to noninfected tissues and trans- 
mit infectivity directly. Recent 
results on HSV and pseudorabies 
vims (PrV) shed more light on 
these processes in a-herpesviruses. 
PrV causes Aujeszky's disease in 
swine, which is characterized by 
nervous and respiratory symptoms, 
and reproductive failure. Unlike 
HSV, PrV is not pathogenic for 
humans. However, the two viruses 
have several features in common, 
including a broad host range in 
vitro % and several species besides 
the natural host can be infected 
experimentally. In addition, all of 
the known PrV glycoproteins are 
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related to homologous glycopro- 
teins in HSV (Ref. 1)*. 

Attachment 

Binding of free infectious virus to 
target cells involves interactions 
between virion envelope glycopro- 
teins and cellular virus receptors. 
Herpes virions contain a large 
number of different virus-encoded 
envelope glycoproteins that might 
participate in attachment. A well- 
known example of a cellular herpes- 
virus receptor is the B-cell mem- 
brane protein CR2 (CD21), which 
binds EBV (Ref. 3). Recent studies 
have demonstrated that several 
a- (reviewed in Ref. 1), and y- 
herpesviruses 4 - 5 bind to their target 
cells by interaction of virion com- 
ponents with cell-surface glycos- 
arninoglycans, principally heparan 
sulfate (HS) fi . 



•Ac the 18th International Herpesvirus 
Workshop, a common nomenclature for 
ct-herpesvirus glycoproteins was agreed on, 
based on designations of HSV glycoproteins. 
This nomenclature is used here. 
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HYPERSENSITIVE RESPONSE ELICITING DOMAINS 
AND USE THEREOF 

This application claims benefit of U.S. Provisional Patent Application 
5 Serial No. 60/212^11, filed on June 16, 2000. 

FIELD OF THE INVENTION 

The present invention relates to hypersensitive response elicitas and 

10 their structure. 

BACKGROUND OF THE INVENTION 

Interactions between bacterial pathogens and their plant hosts generally 
15 fen into two categories: (1) compatible (pathogen-host), leading to intercellular 

bacterial growth, symptom development, and disease development in the host plant; 
and (2) incompatible (pathogen-nonhost), resulting in the hypersensitive response, a 
particular type of incompatible interaction occurring, without progressive disease 
symptoms. During compatible interactions on host plants, bacterial populations 
20 increase dramatically and progressive symptoms occur. During incompatible 

interactions, bacterial populations do not increase, and progressive symptoms do not 
occur. 

The hyp ersensitive response is a rapid, localized necrosis that is 
associated with the active defense of plants against many pathogens (Kiraly, Z., 

25 •'Defenses Triggered by the Invader Hypersensitivity, n pages 201-224 in: Plant 
Disease: An Advanced Treatise, VoL 5, LG. Horsfell and E3. Cowling, ed. 
Academic Press New York (1980); Klement, Z., hypersensitivity," pages 149-177 
in: Phvto pathogenic Prokarvotes. Vol. 2, M.S. Mount and GiL Lacy, ed. Academic 
Press, New York (1982)). The hypersensitive response elicited by bacteria is readily 

30 observed as a tissue collapse if bigi concentrations (> 10 7 cells/ml) of a limited 

host-range pathogen like Pseudomonas syringae or Erwinia amylovora are infiltrated 
into the leaves of nonhost plants (necrosis occurs only in isolated plant cells at lower 
levels of inoculum) (Klement, Z., ''Rapid Detection of Pathogenicity of 
Phvtopathogenic Pseudomonads," Nature 199:299-300; Klement, et aL, 
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"Hypersensitive Reaction Induced by Phytopathogenic Bacteria in the Tobacco Leaf," 
Phytopathology 54:474-477 (1963); Tomer, et aL, "The Quantitative Relation 
Between Plant and Bacterial Cells Involved in the Hypersensitive Reaction," 
Phytopathology 64:885-890 (1974); Klement, "Hypersensitivity," pages 149-177 
5 in ^Y^wenicProkarvotes. Vol. 2., MS. Mount and GH. Lacy, ed. Academic 
Press, New York (1982)). The capacities to elicit die hypersensitive response in a 
nonhost and be pathogenic in a host appear linked. As noted by Klement, Z-, 
"Hypersensitivity," pages 149-177 ™ Phytopathogenic Prokaryotes, Vol 2., M.S. 
Mount and GJH. Lacy, ed. Academic Press, New York, these pathogens also cause ■ 
10 physiologically similar, albeit delayed, necroses in their interactions with compatible 
hosts. Furthermore, the ability to produce the hypersensitive response or pathogenesis 
is dependent on a common set of genes, denoted hrp (Lindgren,P£., et aL, "Gene 
Cluster of Pseudomonas syringae pv. 'phaseohoola' Controls Pathogenicity of Bean 
Plants and Hypersensitivity on Nonhost Plants," LBacterioL 168:512-22 (1986); 
15 Willis, DJC, et al., "hrp Genes of Phytopathogenic Bacteria," Mnl. Plant-Microbe 
Tnteract 4:132-138 (1991)). Consequently, the hypersensitive response may hold 
clues to both the nature of plant defense and the basis for bacterial pathogenicity. 

The hrp genes are widespread in gram-negative plant pathogens, where 
they are clustered, conserved, and in some cases interchangeable (Willis, DX-, etal, 
20 "hrp Genes of Phytopathogenic Bacteria," Mol. Plant-Microbe Interact 4:132-138 
(1991); Bonas, U„ "hrp Genes of Phytopathogenic Bacteria," pages 79-98 in: Current 
To pics m Microbiolo g y ™* TmrnimnW: Bacterial Pathogenesis of Plants and 
Animals - Molpr."l«r and Cellu ^- M W nhm.i«nn. J.L. DangL ed. Sprmger-Verlag, 
Berlin (1994)). Several hrp genes encode components of a protein secretion pathway 
25 similar to one used by Yersinia, Shigella, and Salmonella spp. to secrete proteins 
essential in animal diseases (Van Gijsegem, et al, "Evolutionary Conservation of 
Pathogenicity Determinants Among Plant and Animal Pathogenic Bacteria," Trendj 
Microbiol 1:175-180 (1993)). JaE. amylovora, P. syringae, and P. solanacearum, 
hrp genes have been shown to control the production and secretion of glycine-rich, 
30 protein elicitors of the hypersensitive response (He, S.Y., et aL 'Tseudomonaa 

Syringae pv. Syringae HarpinPss: a Protein that is Secreted via the Hrp Pathway and 
Elicits the Hypersensitive Response in Plants," Cell 73:1255-1266 (1993), Wei, Z.-H., 
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et aL, "HrpI of Erwinia amylovora Functions in Secretion of Harpin and is a Member 
of a NewProtein Family," Lli^ioL 175:7958-7967 (1993); Aiiat, Metal 
•TopAl, a Protein Which Induces a Hyperser^tive-lfke Response on Specific Petunia 
Genotypes, is Secreted via the Hrp Pathway of Pseudomonas solanacearum,'' EMBO 

5' L 13:543-553 (1994)). 

The first of these proteins was discovered mE. amylovora Ea321, a 
bacterium that causes fire blight of rosaceous plants, and was designated harpin (Wei, 
Z.-M-, et al, "Harpin, Elicitor of the Hypersensitive Response Produced by the Plant 
Pathogen isrwinw amylovora," Science 257:85-88 (1992)). Mutations in the encoding 
10 hrpN gene revealed that harpin is required for E. amylovora to elicit a hypersensitive 
response in nonhost tobacco leaves and incite disease symptoms in highly susceptible 
pear fruit The P. solanacearum GMI1000 PopAl protein has similar physical 
properties and also elicits the hypersensitive response in leaves of tobacco, which is 
not a host of that strain (Arlat, et aL "PopAl , a Protein Which Induces a 
15 Hypersensitive-like Response on Specific Petunia Genotypes, is Secreted via the Hrp 
Pathway of Pseudomonas solanacearum," EMBOJ. 13:543-53 (1994)). However, P. 
solanacearum popA mutants still elicit the hypersensitive response in tobacco and 
incite disease in tomato. This, to role of foese glycme-riA^ 
elicitors can vary widely among gram-negative plant pathogens. 
2Q Other plant pathogenic hypersensitive response elicitors have been 

isolated, cloned, and sequenced. These include: Erwinia chrysanthemi (Bauer, et aL, 
"Erwinia chrysanthemi Harpin&h: Soft-Rot Pathogenesis," MPMI 8(4): 484-91 
(1995)); Erwinia carotovora (Cui, et aL, "The RsmA" Mutants of Erwinia carotovora 
subsp. carotovora Strain Ecc71 Overexpress ArpN^ and Elicit a Hypersensitive 
25 Reaction-like Response in Tobacco Leaves," MPMI 9(7): 565-73 (1966)); Erwinia 
stewartii (Ahmad, et al., "Harpin is not Necessary for the Pathogenicity of Erwinia 
stewartii on Maize," «rh Tr.t'1. Cone. Molec. Plant-Microb. Inter. My 14-19, 1996 and 
Ahmad, et aL, "Harpin is not Necessary for the Pathogenicity of Erwinia stewartii on 
Mr","'-" m* r a™ Phvtonath. Soc. July 27-31, 1996); wd Pseudomonas 
30 syringae pv. syringae (WO 94/26782 to Cornell Research Foundation, Inc.). 

The present invention is a further advance in the effort to identify and 
characterize hypersensitive response elicitor proteins. 
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SUMMARY OF THE INVENTION 



One aspect of the present invention is directed to an isolated 
5 hypersensitive response eliritor protein comprising a pair of spaced apart domains, 
with each comprising an acid portion linked to an alpha-helix. 

Another embodiment of the present invention relates to an isolated 
hyp ersensitive response elicitor protein comprising an acid portion linked to an alpha- 
helix. 

10 Nucleic acid molecules encoding either of these proteins as well as 

vectors, host cells, transgenic plants, and transgenic plant seeds containing those 
nucleic acid molecules are also disclosed. 

The protein of the present invention can be used to impart disease 
resistance to plants, to enhance plant growth, to control insects, and/or impart stress 
15 resistance. This involves applying the protein to plants or plant seeds under 

conditions effective to impart disease resistance, to enhance plant growth, to control 
insects, and/or impart stress resistance to plants or plants grown from the plant seeds. 

As an alternative to applying the protein to plants or plant seeds in 
order to impart disease resistance, to enhance plant growth, to control insects cm 
20 plants, and/or impart stress resistance, transgenic plants or plant seeds can be utilized. 
When utilizing transgenic plants, this involves providing a transgenic plant 
transformed wife a nucleic acid molecule encoding the protein of the present 
invention and growing the plant under conditions effective to impart disease 
resistance, to enhance plant growth, to control insects, and/or to impart stress 
25 resistance to the plants or plants grown from the plant seeds. Alternatively, a 

transgenic plant seed transformed with the nucleic acid molecule encoding the protein 
of the present invention can be provided and planted in soil. A plant is then 
propagated under conditions effective to impart disease resistance, to enhance plant 
growth, to control insects, and/or to impart stress resistance to plants or plants grown 
30 from the plant seeds. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic drawing showing the construction of a 
universal expression cassette for a hypersensitive response domain. 

DETAILED DESCRIPTION OF THE INVENTION 



The present invention is directed to an isolated hypersensitive response 
elicitor protein comprising a pair of spaced apart domains, with each comprising an 
10 acid portion linked to an alpha-helix. The acidic portion is a polypeptide with 10 ox 
more amino acids, is rich in acidic amino acids, and has a pi below 5.0. The acidic 
portion has a secondary structure in the form of a beta-sheet or a beta-turn. The 
secondary structure of this unit can also be in an unordered form. 

The alpha-helix portion of the present invention is a polypeptide with 10 or 
15 more amino acids. Its secondary structure is in the form of a stable alpha-helix. 

Another embodiment of the present invention relates to an isolated 
hypersensitive response elicitor protein comprising an acid portion linked to an alpha- 
helix. 

20 Both of these proteins are capable of eliciting a hypersensitive 

response. 

The alpha helix is a common structural motif of proteins in which a 

linear sequence of amino acid folds into a right-handed helix stabilized by internal 

hydrogen bonding between backbone atoms. 
25 The acidic motif includes a certain combination of amino acids in 

which a linear sequence with a pi below 5 .0 folds into a p sheet, coil, or thin 

structures but not an alpha helix of secondary structure. 

The hypersensitive response ehcrtor polypeptides or proteins according 

to the present invention can be derived from hypersensitive response elicitor 
30 polypeptides or proteins of a wide variety of fungal and bacterial pathogens. Such 

polypeptides or proteins are able to elicit local necrosis in plant tissue contacted by 

the elicitor. Examples of suitable bacterial sources of polypeptide or protein elicdtors 
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inchide Erwinia, Pseudomonas, and XarUhamonas species (e.g., the following 
bacteria.- Erwinia amylovora, Erwinia chrysanthemi. Erwinia stewartii, Erwinia 
carotovora, Pseudomonas syringae, Pseudomonas solanceanm, Xanthomonas 
campestris, and mixtures thereof). In addition to hypersensitive response elicitors 
5 from these Gram negative bacteria, it is possible to use elicitors from Gram positive 
bacteria. One example is Oavibacter michiganensis subsp. sepedonicus. 

An example of a fungal source of a hypersensitive response elidtor 
protein or polypeptide is Phytophthora. Suitable species of Phytophthora include 
Phytophthora parasitica, Phytophthora ayptogea, Phytophihora cinnamomU 
10 Phytophthora capsici, Phytophthora megasperma, and Phytophthora citrophthora. 

The hypersensitive response elicitor polypeptide or protein from 
Erwinia chrysanthemi has an amino acid sequence corresponding to SEQ. ID. No. 1 
as follows: 

15 Met Gin He Thr He Lye Ala Hie He (Sly Gly Asp Leu Gly Val Ber 

1 S 10 15 

Gly Leu Gly Ala Gin Gly I*u Itf* Qlv Leu Abu Ser Ala Ala Sex Ser 
20 25 

Leu Gly Ser Ser Val A*p Lys Leu Ser Ser Thr Xle Asp Lya Leu Thr 
35 « 45 

Ala Leu Thr Ser Met Met She Gly Gly Ala Leu Ala Gin Gly Leu 



20 



Ser 



50 55 



60 



Gly Ala Ser Ser Lye Gly Leu Gly Met Ser A*n Gin Leu Gly Gin Ser 

65 70 7S 

25 Phe Gly Asn Gly Ala Gin Gly Ala Ser Asn Leu Leu Ser Val Pro Lye 

BS 90 

Ser Gly Gly Asp Ala Leu Ser Lys Met Phe Asp Lys Ala Leu Asp Asp 
100 1"5 110 



30 



Leu Leu Gly His Asp Thr Val Thr Lys Leu Thr Asn Gin Ser Abu Gin 
115 «0 125 



Leu Ala Aen Ser Met Leu Aan Ala Ser Gin Met Thr Gin Gly Asn Met 
130 «S 140 

Asn Ala Phe Gly Ser Gly Val Asn Asn Ala Leu Ser Ser He Leu Gly 
145 150 155 " M 

35 Aen Gly I*» Gly Gin Ser Met Ser Gly Phe Ser Gin Pro Ser Leu Gly 

16S I 70 17S 
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Ala Gly Gly I*eu Gin Gly Leu Ser Gly Ala Gly Ala Phe Asn Gin Leu 
180 185 190 

Gly Asn Ala lie Gly Met Gly Val Gly Gin Asn Ala Ala Leu Ser Ala 
195 200 205 

5 Leu Ser Asn Val Ser Thr His Val Asp Gly Asn Asn Arg His Phe Val 

210 215 220 

Asp Lys Glu Asp Arg Gly Met Ala Lys Glu lie Gly Gin Fne Met Asp 
225 230 235 240 

Gin Tyr Pro Glu He Phe Gly Lys Pro Glu Tyr Gin Lys Asp Gly Trp 
1Q 7 245 250 255 

Ser Ser Pro Lys Thx Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser Lys 
260 265 270 

Pro Asp Asp Asp Gly Met Thr Gly Ala Ser Met Asp Lys Phe Arg Gin 
275 2B0 285 



15 



20 



Ala Met Gly Met He Lys Ser Ala Val Ala Gly Asp Thr Gly Asu Thr 
290 295 300 

Asn Leu Asn Leu Arg Gly Ala Gly Gly Ala Ser Leu Gly Xle Asp Ala 
305 310 315 320 

Ala Val Val Gly Asp Lys lie Ala Asn Met Ser Leu Gly Lys Leu Ala 
325 330 335 

Asn Ala 



This hypersensitive response elicitor polypeptide or protein has a molecular weigrt of 
25 34 kDa, is heat stable, has a glycine content of greater than 16%, and contains 

substantially no cysteine. The Erwinia chrysanthemi hypersensitive response elicitor 
polypeptide or protein is encoded hy a DNA molecule having a nucleotide sequence 
corresponding to SEQ. ID. No. 2 as follows: 



30 


CGATTTTACC 


CGGGTGAAOG 


TGCTATGACC GACAGCATCA 


CGGXATTCGA CACCX3TTAOG 


60 




6CGTTTATG0 


CCGCQATOAA 


CCGGCATCAG GCOGCGCGCT 


GGTG6GOGCA ATCOGGOGTC 


120 




GATCTGGTAT 


TTCAGTTTGG 


GGACACCGGG CGTGAACTCA 


TGATGCAGAT TCAGCOGGGG 


180 




CAGCAATATC 


CCGGCATGTT 


GCGCRCGCTG CTOGCTOGTC 


GTTATCAGCA GGCGGCAGAG 


240 




TGCGATOOCT 


GCCATCTGTG 


CCTQAACGGC AGCOATGTAT 


TGATCCTCTG GTOGCOGCXG 


300 


35 


CCQTOGGftXC 


CCGGCW3TTA 


TOG6CAGGTG ATOGAAOGTT 


TGTTTQAACT GGCGGGAA3X3 


360 




ACGTTGCCGT 


OGCTATCCAT 


AGCACCOACG GCGOGTCOGC 


AGACAGGGAA CGGACGCOCC 


420 




CGATCATTAA 


GATAAAGGOQ 


GCTTTTrTTA TTGCAAAACG 


OTAACGGTGA GGAAOCOTTT 


480 



540 

600 
660 
730 
780 
840 



PCIYUSO1/18820 

WO 01)98501 

i ■• 

-8- 

CACCGTCGGC GTCACTCAGT AACAAGTATC CATCATGATG CCTACATCGG GATCGOCGTG 
GGCftTCCGTT GCAGATACTT TTGCGAACAC CTOACATGAA TGAGGAAACG AAATTATGCA 
AATTACGATC AAAGCGCACA TCGGCGGTGA TTTGGGCGTC TCCGGTCTOG GGCTOQGTOC 
TCAGGGACTG AAAGGACTGA ATTCCGCGGC TTCATCGCTG GGTTCCAOCQ TGGATAAACT 
5 GAGCAGCACC ATCGATAAGT TOACCTCCGC GCTQACTTCG ATGATGTTTQ GCGQCQCOCT 
GGCGCAGGGG CTGGGCGCCA GCTCGAAGGG GCTGGGGATG AGCAATCAAC TGGGCCACTC 

TTTCGWCAAT GGCGCGCAQG OTGCGAGCAA CCTGCXATCC GTACCGAAAT CCGGCGOCGA 900 

TGCGTTGTCA AAAATGTTTG ATAAAOCQCT GQACGATCTG CTGGGTCATG ACACCC7TOAC 960 

CAAQCTGACT AACCAQAGCA ACCAACTQGC TAATTCAATQ CTGAACQCCA GCCAGATGAC 1020 

10 CCAGGGTAAT ATGAATGOGT TCGGCAGOOG TGTQAACAAC GCACTOTCOT CCAaTCTCOG 1080 

CAAOGOTCTC GGCCAQTCGA TGAGTQGCTT CTCTCAGCCr TCTCTGGOGG CAGGCGGCTT 1140 

GCAGGGCCTG AGCQQCGCQQ GTGCATTCAA CCAGTTGGGT AATGCCATCG GCATGGGCGT 1200 

OOGGCAOAAT GCTGCGCTOA GTGCGTTGAQ TAACGTCAGC ACCCACGTAG ACGGTAACAA 1260 

CXX3CCACTTT GTAGATAAAG AAGATCGCGG CATGGCGAAA GAGATCGGCC AQTTTATGGA 1320 

15 TCAGTATCCG GAAATATTCG GTAAACCQGA ATACCAGAAA GATGGCTGGA GTTCGCCGAA 1380 

QACGGACGAC AAATCCTGGG CXAAAGCGCT GAGTAAACCG GATCATGACG GTATGACCGG 1440 

CGCCAGCATO GACAAATTCC GTCAGGCGAT QGGTATQATC AAAAGCGCGG TGGCGGGTGA 1500 

TACCGGCAAT ACCAACCTGA ACCTGCGTGG CGCOGGCGGT GCATCGCTGG GTATCGATQC 1560 

GGCTGTCGTC GGCGATAAAA TAGCCAACAT GTCGCTGGGT AAGCTGGCCA ACGCCTOAXA 1620 

20 ATCTGTGCTG GCCTGAXAAA GCOGAAAOGA AAAAAGAGAC OGGGAAGCCT GTCTCTTTTC 1680 

TTATTATGOG GTTTATGCGG TTACCTGQAC CGGTTAATCA TCGTCATCGA TCTGGTACAA 1740 

AOGCACATTT TCCCGTTCAT TCGCGTCGTT ACGCGCCACA ATCGOGATGG CATCTTCCTC 1800 

GTCGCTCAGA TTGCGCGGCT GATGQGOAAC GCCGGGTGGA ATATAGAGAA ACTCOCOOGC I860 

CAGATGGAGA CACGTCTGCG ATAAATCTGT GCCGTAACGT GTTTCTATCC QCCCCTOM 1920 

25 CAGATAGATT GCGGTTTCGT AATCAACATG GTAATGCGGT TCCGCCTOTG CGCCGGCOGQ 1980 

GATCACCACA ATATTCATAQ AAAGCTGTCT TGCACCTACC GTATCGCGGG AGATACCGAC 2040 

AAAATAGGGC AGTTTTTGCG TGGTATCCGT GGGGTGTTCC GGCCTGACAA TCTTGAGTTG 2100 

GTTCGTCATC ATCTTTCTCC ATCXGGGOGA CCTOATOQOT T 2141 

30 The hypersensitive response elicitar from Erwbiia chrysanihemi has 2 

hypersensitive response eliciting domains. The first domain extends, within SEQ. 
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ID. No. 1, from amino acid 69 to amino acid 122, particularly from amino acid 85 to 
amino acid 116. Hie acidic unit in the first domain extends, within SEQ. ID, No. 1, • 
from amino acid 69 to amino acid 102, particularly from amino acid 85 to amino acid 
102. The alpha-helix in the first domain extends, within SEQ. ID. No. 1, from amino 

5 acid 102 to amino acid 122, particularly from amino acid 102 to amino acid 116. The 
second domain extends, within SEQ. ID. No. 1 , from amino acid 25 1 to amino acid 
299, particularly from amino acid 256 to amino acid 292. The acidic unit in the 
second domain extends, within SEQ. ID. No. 1, from amino acid 251 to amino add 
279, particularly from amino acid 261 to amino acid 279. The alpha-helix m the 

1 0 second domain extends, within SEQ. ID. No. 1, from amino acid 279 to amino acid 
299, particularly from ammo acid 279 to amino acid 292. 

The hypersensitive response elicitor polypeptide or protein derived 
from Erwinia amylovora has an amino acid sequence corresponding to SEQ. ID. 
15 No. 3 as follows: 

Met Ser Leu Abu Tbx Ser Gly Leu Gly Ala Ser Thr Met Gin lie Ser 
1 5 10 15 

He Gly Gly Ala Gly Gly Aim Aon Gly Leu Leu Gly Thr Ser Arg Gin 

20 20 25 30 

Aon Ala Gly Leu Gly Gly Abu Ser Ala Leu Gly Leu Gly Gly Gly Aim 
35 40 45 

Gin Aan Asp Thr Val Aan Gin Leu Ala Gly Leu Leu Thr Gly Met Met 
50 55 60 

25 Met Met Met Ser Met Met Gly Gly Gly Gly Leu Met Gly Gly Gly Leu 

Gly Gly Gly Leu Gly Asn Gly Leu Gly Gly Ser Gly Gly Leu Gly Glu 
65 50 ^5 

Glv Leu Ser Asn Ala Leu Aen Asp Met Leu Gly Gly Ser Leu Asn Thr 
30 100 los no 

Leu Gly Ser Lye Gly Gly Asn Abu Thr Thr Ser Thr Thr Abu Ser Pro 
115 120 125 

Leu Asp Gin Ala Leu Gly He Asn Ser Thr Ser Gin Aan Asp Aep Ser 
130 135 140 

35 Thr ser Gly Thr Asp Ser Thr Ser Asp Ser Ser Asp Pro Met Gin Gin 

145 150 155 1€° 
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Leu Leu Lys Met Phe Ser Glu He Met Gin Ser Leu Phe Gly Asp Gly 
165 170 i* 75 

Gin Asp Gly Thr Gin Gly Ber Ser Ser Gly Gly Lye Gin Pro Thr Glu 
- 180 185 19° 

5 Gly Glu Gin Asn Ala Tyx Lye Lye Gly Val Thr Asp Ala Leu Ser Gly 

19S 200 205 

Leu Met Gly Asn Gly leu Ser Gin Leu Leu Gly Asn Gly Gly Leu Gly 
210 2" 220 

Gly Gly Gin Gly Gly Asn Ala Gly Thr Gly Leu Asp Gly Ser Ser Leu 
10 225 230 235 240 

Gly Gly lye Gly Leu Gin Asn Leu Ser Gly Pro Val Asp Tyr Gin Gin 

245 350 255 

Leu Gly Asn Ala val Gly Thr Gly He Gly Met Lya Ala Gly He Gin 
260 265 270 

Ala Leu Asn Asp He Gly Thr His Arg His Ser Ser Thr Arg Ser Pne 
275 280 2B5 

val Asa Lye Gly Asp Arg Ala Met Ala Lya Glu He Gly Gin Phe Met 
290 295 3°° 

Asp Gin Tyr Pro Glu val Phe Gly Lye Pro Gin Tyr Gin Lya Gly Pro 
20 305 310 315 32" 

Gly Gin Glu Val Lya Thr Asp Asp Lya Ser Trp Ala Lys Ala Leu Ser 
325 330 335 

Lys Pro Asp Asp Asp Gly Met Thr Pro Ala Ser Met Glu Gin Phe Asn 
340 3*5 350 

25 Lya Ala Lys Gly Met He Lys Arg Pro Met Ala Gly Asp Thr Gly Asn 

355 360 365 

Gly Aen Leu Gin Ala Arg Gly Ala Gly Gly Ser Ser Leu Gly He Asp 

370 375 380 

Ala Met Met Ala Gly Asp Ala lie Asn Asn Met Ala Leu Gly Lys Leu 
385 

Gly Ala Ala 



15 



30 385 390 395 «0 



This hypersensitive response elicitor polypeptide or protein has a molecular wei^it of 
about 39 kDa, has a pi of approximately 43, and is heat stable at 100°C for at least 10 
35 minutes. This hypersensitive response elicitor polypeptide or protem has substantially 
no cysteine. The hypersensitive response elicitor polypeptide or protein derived from 
Erwinia amylovora is more fully described in Wei, Z.-M-, R- J. Laby, C. H. ZumofiL, 
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D. W. Bauer, S.-Y. He, A. Collmer, and S. V. Beer, "Haipin, Elicitor of the 
Hypersensitive Response Produced by the Plant Pathogen Erwinia amtfovoraT 
Science 257:85-88 (1992), which is hereby incorporated by reference. The DNA 
molecule encoding this polypeptide or protein has a nucleotide sequence 
corresponding to SEQ. ID- No. 4 as follows: 



AAGCTTCGGC ATGGCACGTT TGACCGTTQG GTCGGCAGGQ TACGTTTGAA TTATTCATAA 
GAGGAAIACG TTATGAGTCT GJ^ATACAAGT GGGCTGOGAG CGTCAACGAT GCAAATTTCT 
ATCGGCGGTG CX3GOCGGAAA TAACGGGTTG CTGGGTACCA GTCGCCHVJi TGCTGGGTIO 
10 OQTGGCAATT CTGCACTGGG GCTGGGCGGC GOTOAICW* ATGATACCGT CAATCAGCIG 
GdOGCTTAC TCACCX5GCAT GATGATGATO ATGAGCATGA TOGGOtSGTGQ TGOGCTGAT3 
GQCGQTGGCT TAGGCGQTGG CTTAGGTAAT GGCTTGGGTG OCTCAGGTGG CCIXMGCGAA 
GGACTGTCGA ACGCGCTGAA CGATATGTTA GGCQGTICGC TGAACAOGCT GQGCTOGAAA 
GGCOGCAACA ATACCACTTC AACAACAAAT TCCCCGCTGQ ACCAGGOGCT GQGTATTAAC 
15 TCAACGTCCC AAAACGACOA TTCCACCTCC GGCACAGATT CCACCTCAGA CTCCAGCGAC 
CCGATGCAGC AGCTGCTGAA GATGTTCAGC GAGATAATGC AAAGCCTOTT TGGTGATGGG 
CAAGATGGCA CCCAflOGCAG TTCCTCTGGG GGCAAGCAGC CGACCGAAGG CGAGCAGAAC 
GCCTATAAAA AAGGAGTCAC TGATGOGCTO TOG3GOCTGA TGGGTAATGG TCTGAGCCRQ 
CTCCTTGGCA ACGGGGGACT GGGAGGTGGT CAGGGCGGTA ATGCTOGCAC GGGTCTTQAC 
20 GGTTCGTOGC TGGGCGGCAA AOGOCTGCAA AACCTGAGCG GGCCQQTGGA CTACCAGCAG 
TTAGGTAACG CCGTGGGTAC CGGTATCGGT ATGAAAGCGG GOOTCAGOC GCTGAATGAT 
ATOOTACGC ACAGGCACAQ TTCAACCOST TCTTTCGTCA ATAAAGGCGA TOGGGOGATG 
GCGAAQGAAA TCGGTCAQTT CATGGACCAG TATCCTGAGG TGTTTGGCAA (K3CGCAGTAC 
CAGKAAOGCC CGGGTCAGOA GGTGAAAACC GATGACAAAT CAT3GGCAAA AGCACTGfiGC 
25 AAGCCAGATC AOGACGGAAT GACACCAGCC AGTATGGAGC AOTTCAACAA AGCCAAGOOC 
ATGATCAAAA <3<3CCCATGGC GGGTGATACC GGCAACGGCA ACCTGCAGGC ACGOGGTOCC 
OGTGGTTCTT CX5CTGGGTAT TGATGCCATG ATGGCCGGTG ATGCCATTAA CAATATGGCA 
CTTGGCAAGC TGOGOGOGGC TTAAGCTT 
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30 Hie hypersensitive response elicitor from Erwinia amylavora has 2 

hypersensitive response eliciting domains. The first domain extends, within SBQ. ID. 
No. 3, from amino acid 32 to amino acid 74, particularly from amino acid 45 to amino 
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add 68. The acidic unit in the first domain extends, within SEQ. ID. No. 3, from 
amino acid 32 to amino acid 57, particularly from amino acid 45 to amino acid 57. 
The alpha-helix in the first domain extends, within SEQ. ID. No. 3, from amino acid 
57 to amino acid 74, particularly from amino acid 57 to amino acid 68. The second 
5 domain extends, within SEQ. ID. No. 3, from amino acid 1 30 to amino acid 180, 
particularly fiom amino acid 145 to amino acid 170. The addic unit in the second 
domain extends, within SEQ. ID. No. 3, from amino add 130 to amino add 157, 
particularly from amino add 145 to amino add 157. The alpha-helix in the second 
domain extends, wilhin SEQ. ID. No. 3, from amino acid 157 to amino acid 180, 
10 particularly from amino add 157 to amino acid 170. 

Another potentially suitable hypersensitive response elidtor from 
Erwima amylovora is disclosed in U.S. Patent Application Serial No. 09/120,927, 
which is hereby incorporated hy reference. The protein is encoded by a DNA 
molecule having a nucldc add sequence of SEQ. ID. No. 5 as follows: 

15 ATGTCAATTC TTACGCTTAA CAACAAIACC TCGTCCTOQC CX3GGTCTOTT CCAGTCOOGG 60 

GGGGACftACO GGCTTGGTGG TCATAATGCA AATTCTGCGT TGGGGCAACA ACCCATCOAT 120 

20 CGGCAAAOCA TTGAGCAAAT GGCTCAATTA TTGGCGOAAC TGTTAAAGTC ACTOCTATOO 180 
CCACAATCAG GTAATGCX3GC AACCGGAGCC GGTGQCAATG ACCAQACTAC AGGAGTTGGT 
AACGCTGG03 GCCTGAACGG ACGAAAAGGC ACAGCAGGAA CCACTCCOCA GTCTdACAQT 

25 CAGAACATGC TGAGTGAGAT GGOCAACAAC GGGCTGGATC AGQCCATCAC GCCCGATGC3C 360 

CAGGGCGGCG GGCAGATCGG CGATAATCCT TTACTGAAAG CCATGCTGAA GCTTftTTQCA 420 

30 CGCATQATOG ACOGCCAAAO OGATCAGTTT GOCCJUACCTG GTACGGGCAA CAACAGTGSCC 460 

XCTTCXS3GTA CTTCTTCATC TGGCGQTTCC CCTTTTAACG ATCTATCAQG" GGGQAAOOCC 540 

CCTTCCGGCA ACTCCCCTTC CGQCAACTAC TCTCCCGTCA GTACCTTCTC ACCCCCATCC 600 

35 ACGCCAACGT CCCCTACCTC ACCGCTTGAT TTCQCTTCTT CTCCCACCAA AOCAOCCGGG 660 

GGCAGCAOGC CGGTAACCGA TCATCCTGAC CCTGTTGGTA GCGCGGGCAT OGGGGCCGGA 720 

40 AATTCGGTOG CCTTCACCAG OGCCGOCOCT AATCAGACGQ TGCTOCATGA CACCATXAOC 780 

OTGAAAGOGG GTCAGGTGTT TGATQGCAAA GGACAAACCT TCACOGCCGG TTCAGAATTA 840 

GGCGATGOCG GCCAGTCTGA AAACCAGAAA CCGCTGTTTA TACTGGAAGA CGGTGOCAGC 900 

45 CTGAAAAACQ TCACCATGGQ COACQACGGQ GCGGATQGTA TTCATCTTTA COGTGATGCC 960 

AAAATAGACA ATCTGCACGT CACCAACGTO GGTGAOQACO CGATTACCOT TAAGCCAAAC 1020 

50 AGCGCGGGCA AAAAATCCCA CGTTGAAATC ACTAACAGTT OCTTOGAGCA CGCCTCIGftX: 1080 



240 

.300 
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MflKTCCTGC AGCTGAATOC CGATACTAAC CTQRGCOTT3 ACAACOTGAA GGCCAAAOAC 1140 

TTTGGTOCTT TTOTACGCAC TARCGQCQGT CAACAGGQZA ACTCTOATCI GAATCTGAGC 1200 

5 CMEKTCAGCO CASAAGAG0S TAAGTTCTCQ TTCGTTAAAA Q0GA3AGOQA QOGGCTAAAC 1360 

QTCAATAOCA OTGATATCTC ACTQGGTOAT OTTGAAAACC ACTACAAAOT GCCQAT3TCC 1320 

10 OCCAACCTGA W30TGGCTOA ATGA 1344 

See GenBank Accession No. U94513. The isolated DKA molecule of thepresent 
invention encodes a hypersensitive response elicitor protein or polypeptide having m 
amino acid sequence ofSEQ. ID. No. 6 as follows: 

15 Met Ser lie Leu Thr Leu Asn Asn Asn Thr Ser Ser Ser Pro Gly Leu 

1 5 10 15 

Phe Gin Ser Gly Gly Asp Asn Gly Leu Gly Gly His Abu Ala Asn Ser 
20 20 25 30 

Ala Leu Gly Gin Gin Pro lie Asp Arg Glu Thr He Glu Gin Met Ala 
35 • 40 45 

25 Gin Leu Leu Ala Glu Leu Leu Lye Ser Leu Leu Ser Pro Gin Ser Gly 

50 55 60 

Asn Ala Ala Thr Gly Ala Gly Gly Asn Asp Gin Thr Thr Gly Val Gly 
65 ™ 75 80 

Asn Ala Gly Gly Leu Asn Gly Arg Lys Gly Thr Ala Gly Thr Thr Pro 
85 90 95 



30 



Glu Ser Asp Ser Gin Asn Met Leu Ser Glu Met Gly Asn Asn Gly Leu 
35 ioo 105 no 

Asp Gin Ala He Thr Pro Asp Gly Gin Gly Gly Gly Oln He Gly Asp 
115 120 125 

40 Asn Pro Leu Leu Lys Ala Met Leu Lys Leu He Ala Arg Met Met Asp 

130 135 "0 

Gly Gin Ser Asp Gin Phe Gly Gin Pro Gly Thr Gly Asn Asn Ser Ala 
145 150 155 160 

45 Ser Ser Gly Thr Ser Ser Ser Gly Gly Ser Pro Phe Asn Asp Leu Ser 

165 170 I 75 

Gly Gly Lys Ala Pro Ser Gly Asn Ser Pro Ser Gly Asn Tyr Ser Pro 
50 180 185 190 

Val Ser Thr Phe Ser Pro Pro Ser Thr Pro Thr Ser Pro Thr Ser Pro 
195 200 205 

55 Leu Asp Phe Pro Ser Ser Pro Thr Lys Ala Ala Gly Gly Ser Thr Pro 

210 215 220 
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Val Thr Asp His Pro Asp Pro Val Gly Ser Ala Qly He Gly Ala Gly 
225 230 23S i i 240 

Asn Ser Val Ala Phe Thr Ser Ala Gly Ala Asn Gin Thr Val I*eu His 
5 245 2S0 255 

Asp Thr lie Thr Val Lys Ala Gly Gin Val Phe Asp Gly Lys Gly Gin 
260 265 270 



10 



15 



Thr Phe Thr Ala Gly Ser Glu Leu Gly Asp Gly Gly Gin Sex Glu Aan 
275 280 285 

Gin Lya Pro Leu Phe He Leu Glu Asp Gly Ala Ser Leu Lys Asn Val 
290 295 300 

Thr Met Gly Asp Asp Gly Ala Asp Gly He His Leu Tyr Gly Asp Ala 
305 310 315 320 

Lya He Asp Asn Leu His Val Thr Asn Val Gly Glu Asp Ala lie Thr 
20 325 330 33S 

val Lys Pro Asn Ser Ala Gly Lys Lys fler His Val Glu lie Thr Asn 
340 345 350 



25 



30 



35 



40 



Ser Ser Pne Glu His Ala Ser Asp Lys He Leu Gin Leu Asn Ala Asp 
355 360 365 

Thr Asn Leu Ser Val Asp Asn Val Lys Ala Lys Asp Phe Gly Thr Phe 
370 375 380 

Val Arc? Thr Asn Gly Gly Gin Gin Gly Asn Trp Asp Leu Asn Leu Ser 
385 390 395 400 

His He Ser Ala Glu Asp Gly Lys Phe Ser Phe Val Lys Ser Asp Ser 
405 410 415 

Glu Gly Leu Asn val Asn Thr Ser Asp He Ser Leu Gly Asp Val Glu 
* 420 425 430 

Asn His Tyr Lys Val Pro Met Ser Ala Abu Leu Lys Val Ala Glu 
435 440 445 



This protein or polypeptide is acidic, rich in glycine and serine, and lacks cysteine. It 
45 is also heat stable, protease sensitive, and suppressed by inhibitors of plant 

metabolism. The protein or polypeptide of the present invention has a predicted 

molecular size of ca. 4-5 kDa, 

This hypersensitive response elicitor from Erwinia amylovora has 2 

hypersensitive response eliciting domains. The first domain extends, within SEQ. ID. 
50 No. 6, from amino acid 5 to amino acid 64, particularly from amino acid 31 to amino 

acid57. The acidic unit in the first domain extends, within SEQ. ID. No. 6, from 

amino acid 5 to amino acid 45, particularly from amino acid 31 to amino acid 45. Hie 
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alpha-helix in the fin* domain extends, within SEQ. ID. No. 6, from amino acid 45 to 
amino acid 64, particularly torn amino acid 45 to amino acid 64. The second domain 
extends, within SEQ. ID. No. 6, from amino acid 103 to amino acid 146, particularly 
from amino acid 116 to amino acid 140. The acidic unit in the second domain 
5 extends, within SEQ. ID. No. 6, from amino acid 103 to amino acid 131, particularly 
ftom amino acid 116 to amino acid 131. The alpha-helix in the second domain 
extends, within SEQ. ID. No. 6, from amino acid 131 to amino acid 146, particularly 
from amino acid 131 to amino acid 140. 

Another potentially suitable hypersensitive response elicitor from 
10 Erwinia amylovora is disclosed in U.S. Patent Application Serial No. 09/120,663, 
which is hereby incorporated by reference. The protein is encoded by a DNA 
molecule having a nucleic acid sequence of SEQ. ID. No. 7 as follows: 

ATOGAATTAA AATCACTGGG AACTGAACAC AAQGCGGCAG TACACACAGC QGCGCACAAC 60 

15 CCTGTGOGOC ATGGTGTTGC CTTACAGCAG GGCAGCAGCA GCAGCAGCCC GCAAAAIOCC 120 

GCTGCATCAT TGGOGQCAOA AGGCAAAAAT CGTGGGAAAA TGCCQAGAAT TCACCAQCCA 180 

20 TCTACTOOGG CTGATGOTAT CAGCGCTGCT CACCAGCAAA AGAAATCCTT CAGTCTCAGG 240 

OOCTGTTTGG QGACGAAAAA ATTTTCCAOA TCGGCACCGC AGOGCCAGCC AGGTACCACC 300 

CACAGCAAAG OGGCAACATT GCGCGATCTO CTGGCGCGGG ACOAOGOOQA AACGCAGCAT 360 

25 GAGG03GCCG CGCCAGATOC GGCGCGTTTG ACCCOTTCGG GOGGC3TCAA ACGCCGCAAT 420 

ATOGAOOACA TGGCCGGGGQ GCCAATQQTG AAA33TGGCA QCGGCOAAQA TAAOQTACCA 4B0 

30 ACGCAGCAAA AACGGCATCA GCTGAACAAT TTTOOCCAGA TGCQCCAAAC GAIGTTGAGC 540 

AAAATOGCTC ACCCGGCTTC AGCCAACGCC GGOGATCGCC TGCAGCATTC ACOGCCGCAC 600 

ATCCCGGGTA GCCACCACGA AATCAAQGAA GAACOGSTTO 6CT0CACCAG CAAGGCAACA 660 

35 ACGGCCGACG CAGACAGAOT GGAAATCGCT C3U3GAAGAIG ACGACAGCGA ATTCCAQCAA 720 

CTGCATCAAC AGCGGCTGGC GOGCGAAOGQ GAAAATCCAC CGCAGCOGCC CAAACTCOQC 780 
40 GTTGCCACAC CX3AXTAGCGC CAGGTTTCAG GCCAAACT6A CTQCGQTTGC C3GAAAGCGTC 840 
CTTGAGGGGA CAGATACCAC GCAOTCACCC CTTAAGOOOC AATCAATGCT GAAAGGAAOT 900 
GGAGCCGGGG TAAOGCCGCT GGCGGTAACG CTGGATAAAO OCAAOTTGCA GCTGQCACCG 960 

45 GATAATCCAC CCGCGCTCAA TACGTTGTTG AAGCAGACAT TGGGTAAAGA CACCCAGCAC 1020 

TATCTGGCGC ACCATGCCAG CAGCGACGOT AGCCAGCATC TGCTGCTGGA CAACAAAOGC 1080 

50 CACCTGTTTG ATATCAAAAG CACCGCCACC AGCTATASOG TGCTGCACAA CAGCCACCCC 1140 

GGTGAGATAA AGGGCAAGCT GGCGCAGGCG GGTACTGGCT CCGTCAGOGT AGACGOTAAA 1200 
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AGCGGGAAGA 
CCGGGGGAAG 
CGGCC6CAOQ 
CTGGGCGTAT 
GGTARGCTCT 
TCAGAAAAGC 
ATCCTGACGG 
CCGOAGAGCC 
GGGAAGTCGG 
OATAGCGAAG 
AAAAXGAAAG 
TCTGGATTTT 
CAGCAGCATG 
GATGCGCTGG 
ATTCTTGATA 
GACCAOCTQA 
CTGGATGGAG 
AGCACCTCCT 
AAACCGGAGC 
GCGGTGATTG 
CAGAIAAAAC 
ATCAGCGGOG 
CACGAGGGAG 
AGCTGQCACA 
CATGAGCACA 
GGCTGGCAOG 
CAAACOGTCT 
TTGACGGTTA 
AGCAGTAAAT 
CGACOGATTA 
AAGCCGTTGT 
CATAACGCOC 
GGCGCAGAAT 



TCTCGCTGGG GAGCGGTACG CAAAGTCACA ACAAAACAAT GCTAAGCCAA 
CGCACCGTTC CTTATTAACC GGCATTTGGC AGCATCCTGC TGGCGCAGCG 1 
GCGAGTCAAT CCGCCTGCAT GACGACAAAA TTCATATCCT GCATCCGGAG 
GGCAATCTGC GGATAAAGAT ACCCACAGCC AGCTGTCTCG CCAGGCAGAC 
ATOCGCTGAA AGACAACOQT ACCCTGCAAA ACCTCTCOQA TAATAAAICC 
TGGTCGATAA AATCAAATCG TATTCCGTTG ATCAGCGGGG GCAGGTGGOG 
ATACTCCCGQ CCOCCATAAG ATGAGTATTA TGCCCTCGCT GGATGCTTCC 
ATATTTCCCT CAOCCTGCAT TTTOCCGATG CCCACCAGGG GTTATTGCAC 
AGCTTGA3GC ACAATCTGTC GOGATCAGCC ATGGGCGACT GGTTGTGGCC 
GCAAGCTOTT TAGOGCCGCC ATTCCGAAGC AAGGGGATGG AAACGAACTO 
CCATGCCTCA GCATGOQCTC GATGAACATT TTGGTCATQA CCACCAGATT 
TCCATGACGA CCACGGCCAG CTTAATGOGC TGGTGAAAAA TAACTTCAS3 
CCTGCCCfflT GGGTAACGAT CATCAGTTTC ACCCCGGCTG GAACCTGACT 
TTATCGACAA TCAGCTGGGG CTGCATCATA CCAATCCTGA ACCGCATOAG 
TGGGGCAT1T AGGCAGOCTQ GCGTTACAGG AGGGCAAGCT TGACTATTTT 
CCAAAGGGTG GACTGGCGCO GAGTCAGXTT GTAAGCAOCT GAAAAAAGGC 
CAGCTTATCT ACTGAAAGAC GGTGAAGTGA AACGCCTGAA TATTAATCAG 
CTATCAAGCA CGGAACGGAA AACGTTTTTT CGCTGCCGCA TGTGCGCAAT 
CGGGAGATGC CCTGCAAGGG CTGAATAAAG AOGATAAGGC CCAGGCCATG 
GGGTAAATAA ATACCTGGOG CTOACGGAAA AAGGGGACAT TCGCTCCTTC 
CCGGCACCCA GCAGTTGGAG CGGCCGOCAC AAACTCTCAG CCGCGAAOGT 
AACTGAAAGA CATTCATGTC GACCACAAGC AGAACCTGTA TOCCTTOAOC 
AGGTGTTTCA TCAGCCGCGT GAAGCCTGGC AGAATGGTGC CGAAAGCAGC 
AACTGGCGTT GCCACAGAGT GAAAGTAAOC TAAAAAGTCT GGACATGAGC 
AACCGATTGC CACCTTTGAA GACGGTAGCC ADCATCAGCT GAAGGCTGGC 
CCTATGCGGC ACCTGAACGC GGGCCGCTGG CGGTGGGTAC CAGOGGTTCA 
TTAACCGACT AATGCAGGGG GTGAAAGGCA AGGTOATOCC AGGCAQOGGQ 
AGCTCTCGGC TCAGACGQGG GGAATGACOG GCGCCGAAGG GOGCAAGGTC 
TTTCCGAAAG GATCCQCGCC TATGCGTTCA ACCCAACAAT GTOCACGCOQ 
AAAATGCTGC TTATGCCACA CAGCACGGCT GGCAGGGGCG TN3AGGGGTTO 
ACGAGATGCA GGGAGCGCTG ATTAAACAAC TGGATGOGCA TAACGTTCST 
CACAGCCAGA TTTGCAGAGC AAACTGOAAA CTCTGGATTT AGGCGAACAT 
TGCTTAACGA CATGAAGOGC TTCOGCGACG AACTGGAGCA GAGTOCAACC 
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CCTTCGGTGA CCGTTTTAGG TCAACATCAQ GGAGTGCTAA AAAGCAACGG TGAAA3CCAKT 
AGCGAATTTA AGCCATCGCC CGGCAAGGCG TTOGTCCW3A GCTTTAACGT CAATCGCTCT 
GGTCAGGRTC TAAGCAAGTC ACTGCAACAG GCAGTACATG CCACGCCOCC ATCCGCAGAG 
AGTAAACTGC AATCCATGCT GGGGCACTTT OTCAGTGCCQ GGGTGGATAT OAOTCRXCftO 
AAOGGCGAOA TCCCGCTGGG COGCCftGCGC GATCCGAATG ATAAAAC03C ACTGACCAAA 
TCGCGTTIAA TTTTAGATAC CGTGACCATC GGTGAACTGC ATOAACTGGC CGATAAGGCG 
AAACTGGTAT CTGACCASAA ACCCGATGCC GATCAGAXAA AACAGCTGCG CCMCAGTTC 
GATACGCTGC C3TGAAAAOOO GTATGAQA3C AATCCGGTGA AGCATTACAC CGATATGGOC 
TTCACCCATA ATAAOGCGCT GGAAGCAAAC TATGATGCGG TCAAAGCCTT TATCAATGCC 
TTTAAGAAAG AGCACCACGG CGTCAAXCTG ACCACGCGTA C03TACTGQA ATCACAQG3C 
AGTOCQOAOC TGQCQAAQAA GCTCAAQAAT ACGCTGTTGT CCCTGOACAO TCOTOAAAOT 
ATQAGCTTCA GCCGOTCATA TOGCGQGGGC GTCAGCACTG TCTTTCTOCC TACCCTTAGC 
AAGAAGGTGC CAGTTCCGGT GATCCCCGGA GCCGGCATCA CGCTGGATCG CGCCTATAAC 
CTGAGCXTCA GTCGTACCAG CGGOGGATTG AACGTCAGTT TTGGCCGCOA CQGCGGGOTO 
AGTGGTAACA TCATGGTCGC TACCOQCCAT GATGTGATGC CCTATATGAC CGGTAAGAAA 
ACCAGTOCAO GTAACOCCAO TQACTQQTTQ AGCGCAAAAC ATAAAATCAG CCCGGACTTO 
CQTATCGGCQ CItSCTGTGAG TQGCACCCTO CAAGGAACGC TACAAAACAG CCTGAAOTTT 
AAGCTGACAO AGOATGAGCT GCCTGGCTTT ATCCATQGCT TCACGCATOG CACQTTORCC 
CCGGCAOAAC TGTTGCAAAA GGQOATCGAA CATCAOATGA AGCAGQGCAG CAAACTGACQ 
TTXAGCGTCG AXACCTCGGC AAATCTQQAT inW^TQCCQ GTATCAATCT GAACGAAQAC 
GOCAGTAAAC CAAATGGTOT CACTQCCCGT QTTTCTQCCG GGCTAAGTGC ATCQOCAAAC 
CTGGCCGCCQ GCTCGCGTGA ACGCAGCACC ACCTCTGGCC AOTTTGGCA3 CACGACTTCG 
GCCAGCAATA ACCGCCCAAC CITCCTCAAC GGGQTOGGOQ CGGGTGCTAA CCTQACGGCX 
GCTTTAGGGG TTGCCCATTC ATCTACGCAT GAAGGGAAAC CQOTCGGOAT CTTCCCGGCA 
TTTACCTCGA CCAATGTTTC GGCAGOGCTG GCGCTGGATA ACCQTACCTC ACAGAOTATC 
AGCCTQGAAT TGAAGCGCGC GOAGCCGGTG ACCAOCAACG ATATCAGCQA QTTGACCTCC 
ACGCTGGGAA AACACTTTAA GQATAGCOCC ACAACOAAGA TGCTTGCCGC TCTCAAAGAG 
TTAGATGACQ CTAAGCCCOC TQAACAACTG CATATTTTAC AGCAGCATTT CAGTQCAAAA 
GATGTCGTCQ GTGATGAACG CTACGAGGCQ GTGCGCAACC TGAAAAAACT GGTGATACOT 
CAACAGGCTG CGGACAQCCA CAGCATOOAA TTAGGATCTG CCAGTCACAG CACGACCTAC 
AATAATCTGT CGAGAATAAA TAATGACGOC ATTOTCGAGC TGCTACACAA ACATTTCGA.T 
GCGGCATTAC CAGCAAGCAG TGCCAAACGT CTTGGTGAAA TGATGAATAA COATOCGOCA 
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CTGAAAGATA TTATTAAGCA GCTGCAAAGT ACGCCGTTCA GCAGCGCCAO CGTGTCGATG 5160 

GAGCTGAAAQ ATGGTCTGCG TGAGCAGACG GAAAAAGCAA TACTGGACGG TAAGGTCGGT ' 5220 

5 CGTGAAGAAO TGGGAGTACT TTTCCAGGAT CGTAACAACT TGCGTGTTAA ATCGGTCAGC 5280 

GTCAGTCAGT CCGTCAGCAA AAGCGAAGGC TTCAATACCC CAGCGCTGTT ACTGGGGA03 5340 

AGCAACAGCG CTGCTATGAG CATGGftGCGC AACATCGGAA CCATTAATTT TAAATACGGC 5400 

CAGGATCAOA ACACCCCACG GCGATTTACC CTGGAGQQTO GAATAGCTCA GGCTAATCCQ 5460 

CAGGTCGCAX CTGCGCTTAC TGATTTGAAG AAGGAAGGGC TGGAAATGAA GAGCTAA 5517 
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This DNA molecule is known as the dspE gene for Ermnia amylovora. This isolated 
DNA molecule of the present invention encodes a protein or polypeptide which elicits 
a plant pathogen's hypersensitive response having an amino acid sequence of SEQ. 
ID. No. 8 as follows: 

Met Glu lieu Lys Ser lieu Qly Thr Glu Hie Lye Ala Ala Val Hie Thx 
15 10 15 



Ala Ala Hie Asn Pro Val Gly Hie Gly Val Ala Leu Gin Gin Gly Ser 
25 20 25 30 

Ser Ser Ser Ser Pro Gin Asn Ala Ala Ala Ser Leu Ala Ala Olu Gly 
35 40 45 

30 Lys Asn Arg Gly Lye Met Pro Arg lie His Gin Pro Ser Tar Ala Ala 

50 55 60 



Asp Gly lie Ser Ala Ala His Gin Gin Lys Lys Ser Phe Ser Leu Axg 
65 70 75 80 

Gly Cys Leu Gly Thr Lys Lys Phe Ser Arg Ser Ala Pro Gin Gly Gin 
05 90 9S 



Pro Gly Thr Thr His Ser Lys Gly Ala Thr Leu Arg Asp Leu Leu Ala 
40 100 105 110 

Arg Asp Asp Gly Glu Thr Gin His Glu Ala Ala Ala Pro Asp Ala Ala 
115 120 125 

45 Arg Leu Tar Arg Ser Gly Gly Val Lys Arg Arg Asn Met Asp Asp Met 

130 135 140 



Ala Gly Arg Pro Met Val Lys Gly Gly Ser Gly Glu Asp Lys Val Pro 
145 150 155 160 

Thr Gin Gin Lys Arg His Gin Leu Asn Asn Phe Gly Gin Met Arg Gin 
165 170 175 



Thr Met Leu Ser Lys Met Ala Hie Pro Ala Ser Ala Asn Ala Gly Asp 

55 180 185 190 

Arg Leu Gin His Ser Pro Pro His lie Pro Gly Ser His His Glu lie 
195 200 205 



WO 01/93501 



PCTA3S0 1718820 



-19- 

Lys Glu Glu Pro Val Gly Ser Thr Ser Lye Ala Thr Thr Ala Hie Ala 
210 215 220 i 

Asp Arg Val Glu lie Ala Gin Glu Asp Asp Asp Ser Glu Phe Gin Gin 
5 225 230 235 240 

Leu Hie Gin Gin Arg Leu Ala Arg Glu Arg Glu Ann Pro Pro Gin Pro 
245 250 255 

10 Pro Lys Leu Gly Val Ala Thr Pro lie Ber Ala Arg Phe Gin Pro Lys 

260 265 270 

Leu Thr Ala Val Ala Glu Ser Val Leu Glu Gly Thr Asp Thr Inr <5L* 
275 280 285 

15 Ser Pro Leu Lys Pro Gin Ser Met Leu Lye Gly Sex Gly Ala Gly Val 

250 255 300 

Thr Pro Leu Ala Val Thr Leu Asp Lye Qly Lye Leu Gin Leu Ala Pro 
20 305 310 315 320 

Asp Asn Pro Pro Ala Leu Aen Thr Leu Leu Lye Gin Thr Leu Gly Lys 
32S 330 335 

25 Asp Thr Gin Hie Tyr Leu Ala Hie His Ala 8er Ser Asp Gly Ser Gin 

340 ' 345 350 

Hie Leu Leu Leu Asp Aan Lye Gly His Leu Phe Asp He Lys Ser Thr 
355 360 365 

30 

Ala ^hx Ser Tyr Ser Val Leu His Asn Ser His Pro Gly Glu He Lye 
370 375 380 

Gly Lys Leu Ala Gin Ala Gly Thr Gly Ser Val Ser Val Asp Qly Lys 
35 385 390 395 400 

Ser Gly Lya He fler Leu Gly Ser Qly Thr Gin Ser His Asn Lys Thr 
405 410 415 

40 Met Leu Ser Gin Pro Gly Glu Ala His Arg Ser Leu Leu Thr Gly He 

420 «5 «30 

Tip Gin His Pro Ala Gly Ala Ala Arg Pro Gin Gly Glu Ser He Arg 
435 440 445 

Leu His Asp Asp Lys He His He Leu His Pro Glu Leu Gly Val Trp 
450 455 460 

Gin Ser Ala Asp Lys Asp Thr His Ser Gin Leu Ser Arg Gin Ala Asp 
50 465 470 475 480 

Gly Lys Leu Tyr Ala Leu Lys Asp Asn Arg Thr Leu Gin Asn Leu Ser 
485 490 495 

55 Asp Asn Lys Ser Ser Glu Lys Leu Val Asp Lys He Lys Ser Tyr Ser 

500 505 510 

Val Asp Gin Arg Gly Gin Val Ala He Leu Thr Asp Thr Pro Gly Arg 
515 520 525 

His Lys Met Ser He Met Pro Ser Leu Asp Ala Ser Pro Glu Ser His 
530 535 540 

He Ser Leu Ser Leu His Phe Ala Asp Ala His Gin Gly Leu Leu His 
65 545 550 SS5 560 



45 



60 
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Gly Lye Ser Glu Leu Glu Ala Gin Ser Val Ala He Ser Hie Gly Arcj 
565 570 575 



Leu Val val Ala Asp Ser Glu Gly Lya Leu Phe Ser Ala Ala He Pro 
580 585 S90 

Lya Gin Gly Asp Gly Aim Glu Leu Lya Ket Lys Ala Met Pro Gin Hie 
595 600 605 

Ala Leu Aep Glu Sis Phe Gly His Asp Hie Gin He Ser Gly Phe Phe 

610 615 620 

His Asp Asp His Gly Gin Leu Am Ala Leu Val I*s Asn Asn Phe Arg 
15 «5 «30 635 640 

Gin Gin His Ala Cys Pro Leu Gly Asn Asp His Gin Pne His Pro Gly 
645 6S0 655 

20 Trp Asn Leu Thr Asp Ala Leu Val He Aap Asn Gin Leu Gly Leu His 

660 665 670 

His Thr Asn Pro Glu Pro His Glu He Leu Asp .Ket Gly Hie Leu Gly 
675 680 685 

25 Ser Leu Ala Leu Gin Glu Gly Lye Leu His Tyr Phe Asp Gin Leu Thr 

690 695 700 

Lys Gly Trp Thr Gly Ala Glu Ser Asp Cys Lya Gin Leu Lys Lys Qly 
30 705 710 715 720 

Leu Asp Gly Ala Ala Tyr Leu Leu Lys Asp Gly Glu Val Lys ^3 I*eai 
725 730 735 

Asn He Asn Gin Ser Thr ser Sex He Lys His Gly Thr Glu Asn Val 
740 745 750 

Phe Ser Leu Pro His Val Arg Asn Lys Pro Glu Pro Gly Asp Ala Leu 
755 760 765 

Gin Gly Leu Asn Lys Asp Asp Lys Ala Gin Ala Met Ala Val He Gly 
770 775 780 

val Asn Lys Tyr Leu Ala Leu Thr Glu Lys Gly Aep He Arg Ser Phe 
45 785 790 795 800 

Gin He Lys Pro Gly Thr Gin Gin Leu Glu Arg Pro Ala Gin Thr Leu 
B05 810 815 

50 Ser Arg Glu Gly He Ser Gly Glu Leu LyB Asp He His Val Asp His 

830 835 830 

Lyo Gin Asn Leu Tyr Ala Leu Thr His Glu Gly Glu Val Phe His Gin 
835 840 845 

55 Pro Arg Glu Ala Trp Gin Asn Gly Ala Glu Ser Ser Ser Trp His Lya 

850 855 860 

Leu Ala Leu Pro Gin Ser Glu Ser Lys Leu Lys Ser Leu Asp Met Sex 
60 865 870 875 880 

His Glu His Lys Pro He Ala Thr Phe Glu Asp Gly Ser Gin Hie Gin 
885 830 895 
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Leu Lye Ala Gly Gly Trp Hi a Ala Tyr Ala Ala Pro Glu Arg Gly Pro 
900 905 910 

Leu Ala Val Gly Thr Ser Gly Ser Gin Tor Val Phe Asn Arg Leu Ret 
915 920 925 

Sin Gly Val Lys Gly Lya Val lie Pro Gly Ser Gly Leu Thr Val Lys 
930 935 9« 



10 Leu 



Ser Ala Gin Thr Gly Gly Met Thr Gly Ala Glu Gly Arg Lya Val 



945 950 



955 9€0 



Ser ser Lys Phe Ser Glu Arg H« Arg Ala Tyr Ala Phe Asn Pro Thr 
96S 970 975 

Met Ser Thr Pro Arg Pro lie Lye Asn Ala Ala Tyr Ala Thr Gin His 
960 985 990 

Gly Trp Gin Gly Arg Glu Gly Leu Lys Pro Leu Tyr Glu Met Gin Gly 
20 995 1000 1° 05 

Ala Leu lie Lya Gin Leu Abo Ala His Ann Val Arg His Ann Ala Pro 
1010 1015 3.030 

25 Gin Pro ABp Leu Gin Ser Lya Leu Glu Thr Leu Asp Leu Gly Glu His 

1025 1030 1035 1040 

Gly Ala Glu Leu Leu Asn Asp Met Lys Arg Phe Arg Asp Glu Leu Glu 
1045 1050 1055 

30 Gin ser Ala Thr Arg Ser Val Thr Val Leu Gly Gin His Gin Gly Val 

1060 1065 1070 

Leu Lys Ser Asn Gly Glu He Asn Ser Glu Phe Lya Pro Ser Pro Gly 
35 1075 1080 1085 

Lye Ala Leu Val Gin Ser Phe Aan Val Asn Arg Ser Gly Gin Asp Leu 
1090 1095 11°0 



Ser Lye Ser Leu Gin Gin Ala Val His Ala Thr Pro Pro Ser Ala Glu 
1105 1110 1115 

Ser Lye Leu Gin Ser Met Leu Gly His Phe Val Ser Ala Gly Val Asp 

iias 113° 1135 

Met Ser His Gin Lys Gly Glu He Pro Leu Gly Arg Gin Arg Asp 
1140 H*5 1150 

Asn Asp Lys Thr Ala Leu Thr Lye Ser Arg Leu He Leu Asp Thr Val 
50 1155 H60 HfiS 

Thr He Gly Glu Leu His Glu Leu Ala Asp Lys Ala Lys Leu Val Ser 
1170 HBO 

55 Asp Hie Lys Pro Aep Ala^Asp Gin He Lys Gln^Leu Arg Gin Gin Phe^ 

Asp Thr Leu Arg Glu Lys Arg Tyr Glu Ser Asn Pro Val Lys Hie Tyr 
1205 1210 X215 

Thr Asp Met Gly Phe Thr His Asn Lys Ala Leu Glu Ala Asn Tyr Asp 
1220 1225 "30 

Ala Val Lys Ala Phe He Asn Ala Phe Lys Lys Glu Hia His Gly Val 
65 1235 12*0 12*5 
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Aan I»eu >Tbr Thr Arg Thr Val Leu Glu Ser Gin Oly Ser Ala Glu Leu 
12S0 "SB "60 

Ala Lye Lys Leu Lys Aen Tbr Leu Leu Ser Leu Asp Ser Gly Glu Sex 
X26S 1270 1275 1260 

Met Ser Phe Ser Arg Ser Tyr Gly Gly Oly Val Ser Thr Val Pbe Val 
1285 1290 1395 

Pro Tbr Leu Ser Lye Lys val Pro Val Pro Val He Pro Gly Ala Oly 
1300 1305 1310 

He Thr Leu Asp Arg Ala Tyr Asn Leu Ser Phe Ser Arg Thr Ser Oly 
15 1315 1320 1325 

Gly Leu Asn Val Ser Phe Gly Arg Asp Oly Gly Val Ser Gly Asn I3.e 
1330 1335 1340 

20 Met Val Ala Tbr Gly His Asp Val Met Pro Tyr Ket Thr Gly Lys Z,ys 

1345 1350 1355 1360 

Thr Ser Ala Gly Asn Ala Ser Asp Trp Leu Ser Ala Lys Hie Lys III 
1365 1370 1375 

25 Ser Pro Asp Leu Arg He Gly Ala Ala Val Ser Gly Thr Leu Gin Oly 

1380 1385 1390 

Thr Leu Glu Asn Ser Leu Lys Phe Lys Leu Thr Glu Asp Glu Leu Pro 
30 1395 1400 1405 

Oiy phe He His Gly Leu Thr Hie Gly Thr Leu Thr Pro Ala Glu Leu 
1410 1415 1420 

35 i*u Gin Lys Gly He Glu His Gin Met Lys Gin Gly Ser Lys Leu Thr 

1435 1430 1435 1440 

Phe Ser Val Asp Thr Ser Ala Asn Leu Asp Leu Arg Ala Gly lie Asn 
1445 1450 1455 

40 

Leu Asn Glu Asp Gly Ser Lys Pro Asn Gly Val Thr Ala Arg Val Ser 
1460 1465 1470 

Ala Gly Leu Ser Ala Ser Ala Asn Leu Ala Ala Gly Ser Arg Glu Arg 
45 1475 14B0 1485 

Ser Thr Thr Ser Gly Gin Phe Gly Ser Thr Thr Ser Ala Ser Asn Asn 
1490 1495 1500 

50 Arg Pro Thr Phe Leu Asn Gly Val Gly Ala Gly Ala Asn Leu Tbr Ala 

1505 1510 1515 1520 

Ala Leu Gly Val Ala His Ser Ser Thr His Glu Gly Lys Pro Val Gly 
1525 1530 1535 

He Phe Pro Ala Phe Tbr Ser Thr Asn Val Ser Ala Ala Leu Ala Leu 
1540 1545 1550 

Asp Asn Arg Thr Ser Gin Ser He Ser Leu Glu Leu Lys Arg Ala Glu 
60 1555 1560 1565 

Pro Val Thr Ser Asn Asp lie Ser Glu Leu Thr Ser Thr Leu Gly Lys 
1570 1575 15B0 



55 
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His Phe Lys Aep Ser Ala Thr Thr Lys Mat Leu Ala Ala Leu Lys Gin 
1585 1590 1595 1600 

Leu Asp Asp Ala Lye Pro Ala Qlu Gin Leu Hie lie Leu Gin Gin H1b 
5 - 1605 1610 1615 

Phe Ser Ala Lys Asp Val Val Gly Asp Glu Arg Tyr Qlu Ala Val Ang 
1620 1625 1630 

10 Asn Leu Lye Lys Leu Val He Arg Gin Oln Ala Ala Asp 8er Hi a Ser 

1635 16*0 1645 

Hat Glu Leu Gly Ser Ala Ser His Ser Thr Thr Tyr Am Asn Leu Ser 
1650 1655 1660 

Arg He Asn Asn Asp Gly He Val Olu Leu Leu His Lys His Phe Asp 
l 6 i5 1670 1675 1680 

Ala Ala Leu Pro Ala Ser Ser Ala Lys Arg Leu Gly Qlu Met Met Asn 
20 1685 1690 169S 

Asn Asp Pro Ala Leu Lys Asp He He Lys Oln Leu Gin Ser Thr Pro 
1700 1705 1710 

25 Phe Ser Ser Ala Ser Val Ser Met Glu Leu Lys Asp Qly Leu Arg Glu 

1715 1730 1735 

Gin Thr Glu Lys Ala He Leu Asp Gly Lys Val Gly Arg Glu Glu Val 
1730 1735 1740 

30 

Gly Val Leu Phe Gin Asp Arg Asn Asn Leu Arg val Lys Ser Val Ser 
17i 5 1750 1755 1760 

Val Ser Gin Ser Val Sex Lys Ser Glu Gly Phe Asn Thr Pro Ala Leu 
35 1765 1770 1775 

Leu Leu Gly Thr Ser Asn Ser Ala Ala Met Ser Met Glu Arg Asn lie 
1780 1785 1790 

40 Gly Thr He Asn Phe Lys Tyr Gly Gin Asp Gin Asn Thr Pro Arg Arg 

1795 1800 1805 

Phe Thr Leu Glu Gly Gly He Ala Gin Ala Asn Pro Gin Val Ala Ser 
1B10 1815 1830 



45 



Ala Leu Thr Asp Leu Lys Lys Glu Gly Leu Glu Met Lys Ser 
1825 1830 183S 



50 This protean or polypeptide is about 198 fcDa and has a pi of 8.98. 

The present invention relates to an isolated DNA molecule having a 
nucleotide sequence of SEQ. ID. No. 9 as follows: 

55 ATGACATCGT CACAGCAGCQ GGTTGAAAGG TTTTTACAGT ATTTCT0CGC CGGGTGTAAA 60 

ACGCCCATAC ATCTGAAAGA CGGGGTGTGC GCCCTGTATA ACGAACAAGA TGAGGAGGCG 130 

GCGGTGCTGG AAGTACCGCA ACACAGCGAC AGCCTGTTAC TACACTGCCG AATCATTGAG 180 

^ GCTGACCCAC AAACTTCAAT AACCCTGTAT TCGATGCTAT TACAGCTGAA TTTTGAAATG 240 
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GCGGCTGTTQ GCTGGCGCTG GATGAACIGC ACAACQTQCG TTOPGITTr 300 



GCQGCCRTOC j 
*T*TCaTTMS CGGCTTCWC 

CAGCW3TCGC 



5 OAACRTGCGQ 



■JGGAGCATCT GGKIQAAGCA AOTTTTAGCG ATATCGTTRG GGGCTTCWC 360 
CAQAAGTGQ3 TOMTATATA GCGCWOTAO ACOWJAGTAfl CGCGGCKB* 420 



Tins is known as the dspF gene. This isolated DNA molecule of the present invention 
encodes a hypersensitive response elicitor protein or polypeptide having an amino 
10 acid sequence ofSEQ. ID. No. 10 as follows: 

Mat It.r Ser Ser Ota Gin Arg Val Glu Arg Pne Leu Gin Tyr Pbe Ser 
x s 10 

15 Ala Gly Cys Lys Sir Pro lie Hi. leu MP «Y Val Cys Ala Leu 

20 a * 



Tyr Asn Glu Gla Asp Glu Glu Ala Ala Val Leu Glu Val Pro Gin Hi. 



35 



20 



Ser Asp Ser Leu Leu Leu Bis Cys Arg He lie Glu Ala Asp Pro Glu 

50 55 
Thr Ser He Thr Leu Tyr Ser Met Leu Leu Gin Leu Asn Phe Glu Met 
25 6B • 70 75 

Ala Ala Met Arg Gly Cys Trp Leu Ala Leu Asp Glu Leu His Asn Val 
85 

30 Arg Leu Cys Phe Gl* Gin Ser Leu Glu His Leu Asp Glu Ala Ser Ph. 

Ser Asp He Val Ser Gly Phe lie Glu His Ala Ala Glu Val Arg Glu 
115 13° " 5 



35 



Tyr He Ala Gin Leu Asp Glu Ser Ser Ala Ala 
130 135 



40 This protein or polypeptide is about 16 kDa and has a pi of 4.45. 

The hypersensitive response elicitor polypeptide or protein derived 
from Pseudomonas syringae has an amino acid sequence corresponding to SEQ. ID. 
No. 11 as follows: 

45 Met Gin Ser Leu Ser Leu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 

Ala Leu Val Leu Val Arg Pro Glu Ala Glu Thx Thr Gly Ser Thr Ser 
20 25 ° 

50 ser Lys Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu Met 

35 40 45 

Arg Asn Gly Gin Leu Asp Asp Ser Ser Pro Leu Gly Lya Leu Leu Ala 
50 55 «° 
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Lys Ser Met Ala Ala Asp Gly Lys Ala Gly Gly Gly lie Glu Asp Val 
65 70 75 80 

lie Ala Ala Leu Asp Lya lieu lie His Glu Lys lieu Gly Asp Asn Phe 
85 90 95 

5 Gly Ala Ser Ala Asp Ser Ala Ser Gly Thr Gly Gin Gin Asp Leu Met 

100 105 HO 

Thr Gin Val Leu Asn Gly Leu Ala Lys Ser Met Leu Asp Asp Leu Leu 
115 120 125 

Thr Lys Gin Asp Gly Gly Thr Ser Phe Ser Glu Asp Asp Met Pro Met 
10 130 135 140 

Leu Asn Lys lie Ala Gin Phe Met Asp Asp Abu Pro Ala Gin Phe Pro 
145 150 155 160 

Lys Pro Asp Ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn Phe 
155 170 175 

15 Leu Asp Gly Asp Glu Thr Ala Ala Phe Arg Ser Ala Leu Asp lie lie 

180 185 ISO 

Gly Gin Gin Leu Gly Asn Gin Gin Ser Asp Ala Gly Ser Leu Ala Gly 
195 200 205 

Thr Gly Gly Gly Leu Gly Thr Pro Ser Ser Phe Ber Asn Asn Ser Ser 
20 210 215 220 

Val Met Gly Asp Pro Leu lie Asp Ala Asn Thr Gly Pro Gly Asp Ser 
225 230 235 240 

Gly Asn Thr Arg Gly Glu Ala Gly Gin Leu He Gly Glu Leu He Asp 
245 250 255 

75 Ara Gly Leu Gin Ser Val Leu Ala Gly Gly Gly Leu Gly Thr Pro Val 

260 265 270 

Asn Thr Pro Gin Thr Gly Thr Ser Ala Asn Gly Gly Gin Ser Ala Gin 
275 280 2fi5 

Asp Leu Asp Gin Leu Leu Gly Gly Leu Leu Leu Lys Gly I*eu Glu Ala 
30 290 295 300 

Thr Leu Lys Asp Ala Gly Gin Thr Gly Thr Asp Val Gin Ser Ser Ala 
305 310 315 320 

Ala Gin He Ala Thr Leu Leu Val Ser Thr Leu Leu Gin Gly Thr Arg 
325 330 335 

35 Asn Gin Ala Ala Ala 

340 
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IKs hypersensiti-ve response elicitor polypeptide or protein has a molecular weigrt of 
34-35 fcDa. It is rich in glycine (about 13.5%) and lacks cysteine and tyrosine. 
Further information about the hypersensitive response elicitor derived from 
Pseudomonas syringae is found inHe, S. Y., H. C. Huang, and A. Collmer, 
5 "Pseudomonas syringae pv. syringae Harpirw a Proton that is Secreted via the Hip 
Pathway and Elicits the Hypersensitive Response in Plants," Cell 73:1255-1266 
(1993), which is hereby incorporated by reference. The DNA molecule encoding the 
hypersensitive response elicitor from Pseudomonas syringae has a nucleotide 
sequence corresponding to SEQ. ID. No. 12 as follows: 

10 ATOCAGAGTC TCAGTCTTAA CAGCAGCTCQ CTQCAAACCC CGGCAATGGC COTGTCCTO €0 

GTACGTCCTG AAGCCGAOAC GACTQGCAOT ACOTCOAGCA AGOCGCTTCA GGAAGTTGTC 120 

(JTGAAGCTOG CCGAGGAACT GATGCGCAAT GGTTCAACTCG- ACQACAGCTC OCCATTGGQA 180 

AAACTGTTOG CCAAGTCQAT GGCOGCAGAT GGCAAGGCQG GOGOCOOTAT TGAGGATOTC 240 

15 ATCGCTGCOC TGGACAAGCT GATCCATQAA AAGCTCGGTQ ACAACTTCGG O30GTCTGO3 300 

GACAGCGCCT CQGGTACCGG ACAGCAGGAC CTGATGACTC AOGTOCTCAA TGOCXTTGOCC 360 

AAGTCGATGC TCGATGATCT TCTGACCAAG CAGGATGGCQ GGACAAGCTT CTCCGAAOAC 420 

GATATGCCOA TGCTGAACAA GATCGCGCAG TTCATGGATG ACAATCCCGC ACAGTTTCCC 480 

AAGCCQQACT CGGGCTCCTQ GQTGAACGAA CTCAAGGAAG AC3ACTTCCT TQATGOCGAC 540 

20 GAAACGGCTG CGTTCCGTTC GOCACTCQAC ATCATTQQCC AGCAACTGOG TAATCAQCAG 600 

AGTGACGCTG GCAGTCTQGC AGGGACGQGT GOAGOTCTOG GCACTCCGAG CAGTTTTTOC 660 

AACAACTCGT CCGTGATGGG TGATCCGCTO ATCGACGCCA ATACCGGTCC CGQTGACAaC 720 

QGCAATACCC GTGGTGAAGC GGGGCAACTQ ATCGGCGAGC TTATOGACCO TGGCCK3CAA 780 
TCGGTATTOO CCGGTGGTGG ACTGGGCACA CCCGTAAACA CCCCGCAGAC CGGTACGTCG 840 
25 GCGAATGGCG QACAGTCOGC TCAGGATCTT GATCAQTTGC TGGOCGGCTT GCTGCTCAAG 900 
GGCCTGGAGQ CAACGCTCAA GGATGCCGGO CAAACAGGCA CCGACGTGCA GTCGAGCGCT 960 

GCGCAAATCG CCACCTTGCT GOTCAGTACO CTGCTGCAAG GCAOCCGCAA TC3U3GCTGCA 1020 

1026 

GCCTOA 



30 



Another potentially suitable hypersensitive response elicitor from 
Pseudomonas syringae is disclosed in U.S. Patent Application Serial No. 09/120,817, 
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which is hereby incorporated by reference. The protein has a nucleotide sequence of 
SEQ. ID. No. 13 as follows: 



10 



15 



20 



25 



30 



35 



40 



45 



50 



55 



60 



TCCACTTCGC TGATTTTGAA ATTGOCAGAT TCATAGAAAC OTTCAGGTGT GQAAATCAGG 
CTGAQTGCGC AGATTTCGTT GATAAGGGTG TGGTACTGQT CATTGTTGOT CRTTTCAAGO 
CCTCTGAGTG CGGTGCGGAG CAATACCAGT CTTCCTGCTG GCGTGTGCAC ACTGAGTCGC 
AGQCATAGGC ATTTCASTTC CTTGCGTTGQ TTGGGCATAT AAAAAAAGGA ACTTTTAAAA 
ACAGTGCAAT GAGATGCCGG CAAAACGGGA ACCGGTCGCT GCGCITTGCC ACTCftCTTOQ 
AGKMGCTCA ACCCCAAACA TCCACATCCC TATCGAACGG ACAQCQATAC GGCCACrTGC 
TCTGOTAAAC CCTGOAGCTO OCQTCGGTCC AATXGCCCAC TTAGCGAGQFT AACGCA6CAT 
GAGCATCQGC ATCACACCCC GGCCGCAACA GACCACCACG CCACTCGATT TTTOSGCGCT 
AAGOGGCAAG AGTCCTCAAC CAAACACGTT CGQOGAGCAO AACACTCAGC AAGCOATOOA 
CCCQAGTGCA CTGTTGTTCO GCAGCQACAC ACAGAAAOAC GTCAACTTCG GCACGCC03A 
CAGCAOCGTC CAGAATCCGC AGGACGCCAQ CAAGCCCAAC GACAGCCAGT CCAACATCGC 
TAAATTOATC AGTGCATTGA TCATGTCGTT GCTGCAGATG CTCACCAACT CCAATAAAAA 
GCAGGACACC AATCAGGAAC AGCCTGATAG CCAGQCTCCT TTCCAOAACA ACGGCGGGCT 
CGGTACACCG TCGGCCGATA GCGOGGGCGQ CGGTACACCG QATGCQACAQ GTGGCGGCGG 
OGGTGATACG CCAAGCQCAA CAQGCQGTGG CQGCGGTGAT ACTCCGACCQ CAACAGGCGG 
TGOCGGCAGC GGTGGC3GCG GCACACCCAC TGCAACAGGT GGCGGCAGCX3 GTGGCACACC 
CACTOCAACA GGCGGTGGCG AGGGTGGCGT AACACCGCAA ATCACTCCGC AGTTOGCCAA 
CCCTAACCGT ACCTCAGOTA CTGGCTCGOT GTCGGACACC GCAGGTTCTA COGAGCAAOC 
CGGCAAGATC AATGTGGTOA AAOACACCAT CAAGGTCGGC GCTOGCQAAfl TCTTTGACGQ 
CCACGGCGCA ACCTTCACTG CCGACAAATC TATGGGTAAC QOAGACCAQ3 OCGAAAATCA 
GAAQCCCATG TTCGAGCTOG CTGAAGGCGC TACGTTGAAG AATGTQAACC TGGGTGAGAA 
COAGGTCGAT GGCATCCACG TGAAAGCCAA AAACGCTCAG GAAGTCACCA TTGACAACST 
QCATGCCCAG AACGTCGGTG AAGACCTOAl TACGGTCAAA GGOGAGGGAG GCGCAGCGGT 
CACTAATCT3 AACATCAAGA ACAGCAGTGC CAAAGGTGCA GACGACAAGG TTGTCCAGCT 
OACGCCAAC ACTCACTTGA AAATCGACAA CTTCAAGOCC GACGATTTCO GCACGATGGT 
TCGCACCAAC GGTGGCAAGC AGTTTGATGA CATGAGCATC GAGCTGAAOG G<MOGAM5C 
TAACCACGGC AAGTTCGCCC TGGTOAAAAG CQACAGTGAC GATCTGAAGC TGGCAACGGG 
CAACATCGCC ATGACCGAOG TCAAACACGC CTACGATAAA ACCCAGGCAT CGACCCAACA 
CACCGAGCTT TGAATCCAGA CAAGTAGCTT GAAAAAAGGG GGTGOACTC 
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This DNA molecule is known as the dspE gene for Pseudomonas syringae. This 
isolated DNA molecule of the present invention encodes a protein or polypeptide 
which elicits a plant pathogen's hypersensitive response having an amino acid 
sequence of SEQ. ID. No, 14 as follows: 

5 Met Ser lie Gly lie Thr Pro Arg Pro Gin Gin Thr Thr Thr Pro Leu 

15 10 IS 

Asp Phe Ser Ala Leu Ser Gly Lys Ser Pro Gin Pro Aan Thr Phe Gly 
10 20 25 30 

Glu oin Asn Thr Gin Gin Ala He Asp Pro Ser Ala Leu Leu Phe Gly 
35 40 45 

15 Ser Asp Thr Gin Lys Asp Val Asn Phe Gly Thr Pro Asp Ser Thr Val 

SO 55 «0 

Gin Asn Pro Gin Asp Ala Ser Lys Pro Asn Asp Ser Gin Ser Asn He 
65 70 75 80 

20 

Ala Lys Leu He Ser Ala Leu He Met Ser Leu Leu Gin Met Leu Thr 
B5 90 95 

Asn Ser Asn Lys Lys Gin Asp Thr Asn Gin Glu Gin Pro Asp Ser Gin 
25 100 105 no 

Ala Pro Phe Gin Asn Asn Gly Gly Leu Gly Thr Pro Ser Ala Asp Ser 
115 120 125 

30 Gly Gly Gly Gly Thr Pro Asp Ala Thr Gly Gly Gly Gly Gly Asp Thr 

130 135 140 

Pro Ser Ala Thr Gly Gly Gly Gly Gly Asp Thr Pro Thr Ala Thr Gly 
145 150 155 160 



35 



50 



Gly Gly Gly Ser Gly Gly Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly 
165 170 175 



Ser Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly Glu Gly Gly Val Thr 
40 180 185 150 

pro Gin He Thr Pro Gin Leu Ala Asn Pro Asn Arg Thr Ser Gly Thr 
195 200 205 

45 Gly Ser Val Ser Asp Thr Ala Gly Ser Thr Glu Gin Ala Gly Lys He 

210 215 220 



Asn Val Val Lys Asp Thr He Lys Val Gly Ala Gly Glu Val Phe Asp 
225 230 235 240 

Glv His Gly Ala Thr Phe Thr Ala Asp Lys Ser Met Gly Asn Gly Asp 
245 250 255 



Gin Gly Glu Ann Gin Lye Pro Met Phe Glu Leu Ala Glu" Gly Ala Thr 
55 260 265 270 
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Leu Lys Aen Val Asn Leu Gly Glu Aen Glu Val Asp Gly He Hie Val 



275 



280 285 



Lys Ala Lys Asn Ala Gin Glu Val Thr He Asp Asn Val Hie Ala Gin 
290 295 300 

Asn val Gly Glu Asp Leu lie Thr Val Lys Gly Glu Gly Gly Ala Ala 
305 310 315 320 

Val Thr Asn Leu Asn lie Lys Asn Ser Ser Ala Lys Gly Ala Asp Asp 
325 330 335 



Lys Val Val Gin Leu Asn Ala Asn Thr His Leu Lys lie Asp Asn Phe 
15 340 345 350 

Lys Ala Asp Asp Phe Gly Thr Met Val Arg Thr Asn Gly Gly Lys Gin 
355 360 365 



Phe Asp Asp Met Ser He Glu Leu Asn Gly He Glu Ala Asn His Gly 
370 375 380 

Lvb Phe Ala Leu Val Lys Ser Asp fier Asp Asp Leu Lys Leu Ala Thr 
• 3^5 390 395 400 

Gly Asn He Ala Met Thr Asp Val Lys His Ala Tyr Asp Lye Thr Gin 
405 «0 415 



Ala Ser Thr Gin His Thr Glu Leu 
30 420 

This protein or polypeptide is about 42.9 fcDa. 

This hypersensitive response elicitor tram Pseudomonas syringae has 1 
35 hypersensitive response eliciting domain. This domain extends, within SEQ. ID. No. 

14, from amino acid 45 to amino acid 102, particularly from amino acid 58 to amino 

acid 92. The acidic unit in the first domain extends, within SEQ. ID. No. 14, from 

amino acid 45 to amino acid 79, particularly from amino acid 58 to amino acid 79. 

The alpha-helix in the first domain extends, within SEQ. ID. No. 14, from amino acid 
40 79 to amino acid 102, particularly from amino acid 79 to amino acid 92. 

The hypersensitive response elicitor polypeptide or protein derived 

from Pseudomonas solanacearum has an amino acid sequence corresponding to SEQ. 

ID. No. 15 as follows: 

45 Met Sex Val Gly Asn lie Gin Ser Pro Ser Asn Leu Pro Gly Leu Gin 

Asn l*eu Asn Leu Aen Thr Aen Thr Abu Ser Gin Gin Ser Gly Gin Ser 
20 25 30 
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Val Gin Ab P Leu lie Lye Gin Val Glu Lys Asp lie Leu Asn He He 
35 40 45 i 

Ala Ala Leu Val Gin Lys Ala Ala Gin Ser Ala Gly Gly Asn Tfar Gly 
50 - 55 60 

5 Asn Thr Gly Asn Ala Pro Ala Lys Asp Gly Asn Ala Asn Ala Gly Ala 

65 70 75 80 

Asn Asp Pro Ser Lys Aen Asp Pro Ser Lys Ser Gin Ala Pro Gin Ser 
85 50 95 

Ala Asn Lys Tfar Gly Asn Val Asp Asp Ala Asn Asn Gin Asp Pro Met 
10 100 105 no 

Gin Ala Leu Met Gin Leu Leu Glu Asp Leu Val Lys Leu Leu Lys Ala 
115 120 "5 

Ala Leu His Met Gin Gin Pro Gly Gly Asn Asp Lys Gly Asn Gly Val 
130 135 1*0 

15 Gly Gly Ala Asn Gly Ala Lys Gly Ala Gly Gly Gin Gly Gly Leu Ala 

145 150 155 160 

Glu Ala Leu Gin Glu He Glu Gin lie Leu Ala Gin Leu Gly Gly Gly 
165 170 175 



20 



Gly Ala Gly Ala Gly Gly Ala Gly Gly Gly Val Gly Gly Ala Gly Gly 
180 165 130 

Ala Asp Gly Gly Ser Gly Ala Gly Gly Ala Gly Gly Ala Aon Gly Ala 
195 200 205 

Asp Gly Gly Asn Gly Val Asn Gly Asn Gin Ala Asn Gly Pro Gin Asn 
* 210 215 220 

25 Ala Gly Asp Val Asn Gly Ala Asn Gly Ala Asp Asp Gly Ser Glu Asp 

235 230 235 240 

Gin Gly Gly Leu Tfar Gly Val Leu Gin Lys Leu Met Lys He Leu Asn 
245 250 255 

Ala Leu Val Gin Met Met Gin Gin Gly Gly Leu Gly Gly Gly Asn Gin 
30 260 265 270 

Ala Gin Gly Gly Ser Lys Gly Ala Gly Asn Ala Ser Pro Ala Ser Gly 
275 260 285 

Ala Asn Pro Gly Ala Asn Gin Pro Gly Ser Ala Asp Asp Gin Ser Ser 
290 295 300 

35 Gly Gin Asn Asn Leu Gin Ser Gin He Met Asp Val Val I*ys Glu Val 

305 310 315 320 

Val Gin He Leu Gin Gin Met Leu Ala Ala Gin Asn Gly Qly Ser Gin 
325 330 335 
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Gln Ber Thr Ser Thr Gin Pro Met 
340 

It is encoded by a DNA molecule having a nucleotide sequence corresponding SEQ. 
ID. No. 16 as follows: 



5 


, ™ n%nnrw?rrYi WVCYTPCCOGG GTCTGCAGAA CCTGAACCTC 

ATCTCAGTCG GAAACATCCA GAGCCCGTvJ* jwa-it-v^ww «^.*wv^i«nn 


60 




^ MmAiNvmnr fiwrrrYlGTaC AAGACCTGAT CAAGCAGGTC 

AACACCAACA CCAACAGCCA GCAATCC3QQC wwav*A31.w* 


120 




— . « m m<^w-«/->r. npr> riYYmVftflft AQGCCGCAG& GTCGQCGQGC 
GAGAAGGACA TCCTCAAGAT CATCGCAGCC ciwTU*Jua«. «ivw-~nr, 


ISO 




. i . i j-u-inj-u-i «r«ii*/2/aaori nfJVATYWAA CQCOGGOGCC 

GGCAACACOG GTAACAC03G CAACGCGCCG GCOAAGQAtw «*- HAAW - ww * > 


240 




AACGAOCOOA GCAAGAACGA CCCGAGCAAG AGCCAGGCTC CGCAGTCQGC CAACAAGACtl 


300 


10 


GGCAACGTC3 ACGACGCCAA CAACCAGGAT CCGATQCAAG OSCTOATGCA GCIGCTGGAA 


360 




GACCTGGXGA AGCTGCTGAA GGCGGCCCTG CACATGCAGC AGCCCGGOQG CAATGACAAG 


420 




GGCAACGGCG TGGGCGGTGC CAACGGCGCC AAGGGTGOOG GCGGCCAGGG CGCXXTGGCC 


480 




GAAGOGCraC AGGAGATCGA GCAGATCCTC GCCCAGCTCG GCX3GCGGOGG TOCTGGOGCC 


540 




GGCGGCGCGG GTGGCGGTGT COGCGGTGCT GGTGGCGCGG ATGGCGGCTC CGGTGOGGOT 


600 


15 


GGCGCAGGCG GTGCGAACGG CQCCGACGGC GGCAATGGCG TGAACGGCAA CCAGGCGAAC 


660 




GGCCCGOWSA ACGCAGGCGA TQTCAACGGT GCCAACGGCG CGGATGACGG CAGCGAAGAC 


720 




CAGGGCGQCC TCACCGGOGT GCTQCAAAAG CTGATGAAGA TCCTGAACGC GCTGGTGCAG 


780 




ATQATGCAGC AAGGCGGCCT CGGCGGCGGC AACCAGGCGC AGGGCGOCTC GAAGGGTGCC 


840 




GGCAACGCCT CGCCGGCTTC CGGCGCGAAC CCGGGCGCGA ACCAGCCCQQ TTCGGCOGKP 


900 


20 


GATCAATCGT CCGQCCAGAA CAATCTGCAA TCCCAGATCA TOGATOTGOT GAAGGAG3TC 


960 




GTCCAGATCC TGCAQCAGAT GCTGGCGGGG CAGAACGGCG GCAGCCRGCA GTCCACCTCG 


1020 




ACGCAGCCOA TGTAA 


1035 



25 Further information regarding the hypersensitive response elicitor polypeptide or 
protein derived from Pseudomonas solanacearum is set forth in Arlat, M., F. Van 
Gijsegem, J. C. Huet, J. G Pemollet, and C. A. Boucher, "PopAl, a Protein which 
Induces a Hypersensitive-like Response in Specific Petunia Genotypes, is Secreted 
via the Hip Pathway of Pseudomonas solanacearum? EMBO J. 13:543-533 (1994), 

30 which is hereby incorporated by reference. 

The hypersensitive response elicitor from Pseudomonas solanacearum has 2 
hypersensitive response eliciting domains. The first domain extends, within SEQ. H 



^ M PCT/U SO 1718820 

WO 01/98501 

i 

-32- 

No! 15, from amino acid 85 to amino acid 131, particularly from ammo add 95 to 
amino acid 123. The acidic unit in the first domain extends, wi&in SEQ. ID. No. 15, 
from amino arid 85 to ammo 

123. Hie alpha-helix in the first domain extends, within SEQ. ID. No. 15, from 
5 amino acid 85 to amino acid 111, particularly from amino acid 95 to amino arid 111. 
Hie second domain extends, within SEQ. ID. No. 15, from amino acid 195 to amino 
acid 264, particularly from amino acid 229 to arrdno acid 258. The aridic unit in the 
second domain extends, within SEQ. ID. No. 15, from amino arid 195 to amino acid 
246, particularly from amino arid 229 to amino acid 264. The alpha-helix in me 
10 second domain extends, within SEQ. ID. No. 15, from ammo arid 246 to ammo acid 
264, particularly from amino acid 246 to amino acid 258. 

The N4enmnus of the hypersensitive response elicitor polypeptide or 
protein from Xanihomonas campestrishzs an ammo acid sequence corresponding to 
SEQ. ID. No. 17 as follows: 



15 



Met Aep Gly lie Gly Aan His Phe Ser Asn 
15 10 



20 The hypersensitive response elicitor polypeptide or protein from 

Xanthomonas campestris pv. pelargonii is heat stable, protease sensitive, and has a 
molecular weight of 20 kDa. It includes an amino acid sequence corresponding to 
SEQ. ID. No. 18 as follows: 

25 sex Ser Gin Gin Ser Pro Ser Ala Gly Ser Glu Gin Gin I*u Asp Gin 
1 5 10 I 5 

jjeu lieu Ala Met 
20 

30 

Isolation of Erwinia carotovora hypersensitive response elictor protem 
or polypeptide is described inCirietal, "The RsmA Mutants of Erwinia carotovora 
subsp. carotovora Strain Ecc71 Overexpress hrp Necc and Elicit a Hypersensitive 
Reaction-like Response in Tobacco Leaves," MPML 9(7):565-73 (1996), which is 
35 hereby incorporated by reference. The hypersensitive response elicitor protein or 
polypeptide of Erwinia stewarUi is set forth in Ahmad et al, "Hatpin is Not 
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Necessary for the Pathogenicity of Erwinia siewartii on Maize," 8thInt'L Cong. 

Mnlec. Plant-Microbe Interact, My 14-19, 1996 and Ahmad, et aL, "Harpin is Not 

Necessary for the Pathogenicity of Erwinia siewartii on Maize," Attti Miff, Am t 

Ph ytooath. Soc.. July 27-31, 1996, which are hereby incorporated by reference, 

5 Hypersensitive response elicitor proteins or polypeptides from 

Phytophihora parasitica, Phytopkthora cryptogea, Phytophthora cinnamoni, 

Phytophthora capsici, Phytophthora megasperma, BX&Phytophora dtrophihora arc 

described in Karnan, et aL, ^xtacelrular Protein Elicitors from Phytophthora: Most 

Specificity and Induction of Resistance to Bacterial and Fungal Phytopathogens," 

10 Molec. Plant-Microbe Interact. 6(l):15-25 (1993), Ricci et aL, "Structure and 

Activity of Proteins from Pathogenic Fungi Phytophthora Eliciting Necrosis and 

Acquired Resistance in Tobacco," Eur. J. Biochem,. 183*355-63 (1989), Ricci et aL, 

. "Differential Production of Parasiticein, and Elicitor of Necrosis and Resistance in 

Tobacco, by Isolates of Phytophthora parasitica," Plant Path, 41:298-307 (1992), 

15 Baillreul et al, W A New Elicitor of the Hypersensitive Response in Tobacco: A 

Fungal Glycoprotein Elicits Cell Death, Expression of Defence Genes, Production of 

Salicylic Acid, and Induction of Systemic Acquired Resistance," PlantL, 8(4):551-60 

(1995), and Bonnet et aL, -Acquired Resistance Triggered by Elicitors in Tobacco 

and Other Plants," Eur. J. Plant Path.. 102:181-92 (1996), which are hereby 

20 incorporated by reference. 

Another hypersensitive response elicitor in accordance with the present 

invention is from Clavibacter michiganensis subsp. sepedonicus which is fully 
• described in U.S. Patent Apphcation Serial No. 09/136,625, which is hereby 

incorporated by reference, 
25 ' The above elicitors are exemplary. Other elicitors can be identified by 

growing fungi or bacteria that elicit a hypersensitive response under conditions which 

genes encoding an elicitor are expressed Cell-free preparations from culture 

supernatants can be tested for elicitor activity (i.e. local necrosis) by using them to 

infiltrate appropriate plant tissues. 
3Q Fragments of the above hypersensitive response elicitor polypeptides 

or proteins as well as fragments of full length elicitors from other pathogens are 

encompassed by the method of the present invention. 
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Suitable fragments can be produced by several means. In the first, 
subclones of the gene encoding a known elicitor protein are produced by conventional 
molecular genetic manipulation by subcloning gene fragments. The subclones then 
are expressed in vitro or in vivo in bacterial cells to yield a smaller protein or peptide 

5 that can be tested for elicitor activity according to the procedure described below. 

As an alternative, fragments of an elicitor protein can be produced by 
digestion of a full-lengm elicitor protein with proteolytic enzymes like chvmotzypsm 
or Staphylococcus proteinase A, or trypsin. Different proteolytic enzymes are likely 
to cleave elicitor proteins at different sites based on the amino acid sequence of the 

10- elicitor protein. Some of the fragments that result from proteolysis may be active 

elicitors of resistance. 

In another approach, based on knowledge of the primary structure of 
. the protein, fragments of the elicitor protein gene may be synthesized by using the 
PCR technique together with specific sets of primers chosen to represent parucular 
15 portions of the protein. These then would be cloned into an appropriate vector for 
expression of a truncated peptide or protein. 

Chemical synthesis can also be used to make suitable fragments. Such 
a synthesis is carried out using known amino acid sequences for the elicitor being 
produced. Alternatively, subjecting a full length elicitor to high temperatures and 
20 pressures will produce fragments. These fragments can then be separated by 
conventional procedures (e.g., chromatography, SDS-PAGE). 

An example of suitable fragments of a hypersensitive response elicitor 
which do elicit a hypersensitive response ereErwinia amylovora fragments including 
a C-terminal fragment of the amino acid sequence ofSEQ. ID. No. 3, an N-terminal 
25 fragment of the amino acid sequence of SEQ. ID. No. 3, or an internal fragment of the 
amino acid sequence of SEQ. ID. No. 3. The C-tenninal fragment of me ammo acid 
sequence of SEQ. ID. No. 3 can span amino acids 105 and 403 of SEQ. ID. No. 3. 
The N-terminal fragment of the amino acid sequence of SEQ. ID. No. 3 can span the 
following amino acids of SEQ. ID. No. 3: 1 and 98, 1 and 104, 1 and 122, 1 and 168, 
30 1 and 218, 1 and 266, 1 and 342, 1 and 321, and 1 and 372. The internal fragment of 
(he amino acid sequence of SEQ. ID. No. 3 can span the following amino acids of 
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SEQ. ID. No. 3; 76 and 209, 105 and 209, 99 and 209, 137 and 204, 137 and 200. 
109 and 204, 109 and 200, 137 and 180, and 105 and 180. 

Suitable DNA molecules are those that hybridize to the DNA molecule 
comprising anncleotide sequence of SEQ. ID.Nos. 2, 4, 5, 7, 9, 12, 13, and 16 under 
5 stringent conditions. An example of suitable high stringency conditions is when 

hybridization is carried out at 65°C for 20 hours in a medium containing 1M Nad, 50 
mM Tris-HCl, pH 7.4, 10 mM EDTA, 0.1% sodium dodecyl sulfate, 02% ficou, 
0.2% polyvinylpyrrolidone, 0.2% bovine serum albumin, 50 pm g/ml E. coli DNA. 
Suitable stringency conditions also include hybridization in a hybridization buffer 
10 ■ comprising QSM sodium citrate ("SSC") buffer at a temperature of 37°C where 

hybridized nucleic acids remain bound when subject to washing the SSC buffer at a 
temperature of 37°C; and preferably in a h>bridization buffer comprising 20% 
■ formamide in 0.9M SSC buffer at a temperature of 42°C where hybridized nucleic 
. acids remain bound when subject to washing at 42°C with 0.2x SSC buffer at 42°C. 
15 ,. Variants may be made by, for example, the deletion or addition of 

amino acids that have minimal influence on the properties, secondary structure and 
hydropathic nature of the polypeptide. For example, a polypeptide maybe conjugated 
to a signal (or leader) sequence at the N-terminal end of the protein which co- 
translationally or post-translatiorially directs transfer of the protein The polypeptide 
20 • may also be conjugated to a linker or other sequence for ease of synthesis, 
purification, ox identification of the polypeptide. 

A particularly advantageous aspect of (he present invention involves 
utilizing a protein having a pair or more, particularly 3 or more, coupled domains. 
These domains can be from different source organisms. When a DNA molecule 
25 ' encoding such a protein is prepared, it can be advantageously used to make transgenic 
. plants. The use of a gene encoding such domains, as opposed to a gene encoding a 
full length hypersensitive response elicitox, has a number of benefits. Firstly, such a 
gene is easier to synthesize. More significantly, the use of a plurality of domains 
together from different source organisms can impart their combined benefits to a 

30 transgenic plant 

The DNA molecule encoding the hypersensitive response elicitor 
polypeptide or protein can be incorporated in cells using conventional recombinant 
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DNA technology. Generally, this involves inserting the DNA molecule into an 
expression system to which the DNA molecule is heterologous (i.e. not normally 
present). The heterologous DNA molecule is inserted into the expression system or 
• vector in proper sense orientation and correct reading frame. The vector contains me 
5 necessary elements for the transcription and translation of the inserted protem^ding 
sequences. 

U.S. Patent No. 4,237,224 to Cohen and Boyer, which is hereby 
incorporated by reference, describes the production of expression systems in the form 
of recombinant plasmids using restriction enzyme cleavage and ligation with DNA 
10 ligase. These recombinant plasmids are then introduced by means of transformation 
and replicated in unicellular cultures including procaryotic organisms and eucaryotic 

cells grown in tissue culture. 

Recombinant genes may also be introduced into viruses, such as 
vaccina virus. Recombinant viruses can be generated by transection of plasmids into 

15 cells infected with virus. 

Suitable vectors include, but are not limited to, the following viral 
vectors such as lambda vector system gtll, gt WES.©, Charon 4, and plasmid vectors 
such as pBR322, P BR325, P ACYC177. pACYC1084, pUC8, P UC9, P UC18. pUC19, 
pLG339, P R290, pKC37, pKClOl, SV 40, pBhiescript H SK +/- or KS +/- (see 
20 "Stratagene Cloning Systems" Catalog (1993) from Stratagene, La Jolla. Calif, which 
is hereby incorporated by reference), pQE, P IH821, pGEX, pET series (seeF.W. 
Studier. et al., "Use of T7 KNA Polymerase to Direct Expression of Cloned Genes," 
^ Th^rimi Technology voL 185 (1 990), which is hereby incorporated by 
reference), and any derivatives thereof Recombinant molecules can be introduced 
25 into cells via transformation, particularly transduction, conjugation, mobilization, or 
electroporation. The DNA sequences are cloned into the vector using standard 
cloning procedures in the art, as described by Sambrook et aL, Molecular Clonine: A 
t Moratory Manual Cold Springs Laboratory, Cold Springs Harbor, New York 
(1989), which is hereby incorporated by reference. 
3Q A variety of host-vector systems may be utilized to express the protein- 

encoding sequences). Primarily, the vector system must be compatible with the host 
cell used. Host-vector systems include but are not limited to the following: bacteria 
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tranaformed •with bacteriophage DNA, plasmid DNA, or cosmid DNA; 
microorganisms such as yeast containing yeast vectors; mammalian cell systems 
infected with virus (e.g., vaccinia virus, adenovirus, etc.); insect cell systems infected 
with virus (e.g, baculovirus); and plant cells infected by bacteria. The expression 
5 elements of these vectors vary in their strength and specificities. Depending upon the 
host-vector system utilized, any one of a number of suitable transcription and 

translation elements can be used. 

Different genetic signals and processing events control many levels of 
gene expression (e.g., DNA transcription and messenger RNA (mRNA) translation). 
10 Transcription of DNA is dependent upon the presence of a promoter 

which is a DNA sequence that directs the binding of RNA polymerase and thereby 
promotes mRNA synthesis. The DNA sequences of eucaryotic promoters differ ftom 
those ofprocaryotic promoters. Furthermore, eucaryotic promoters and 
. accompanying genetic signals may not be recognized in or may not function in a 
15 procaryotic system, and, further, piocaryotic promoters are not recognized and do not 

function in eucaryotic cells. 
- Similarly, translation of mRNA in procaryotes depends upon 

the presence of the proper procaryotic signals which differ from those ofeucaryotes. 
Efficient translation of mRNA in procaryotes requires aribosome binding site called 
20- the Shine-Dalgamo ("SD") sequence on the mRNA This sequence is a abort 

nucleotide sequence of mRNA that is located before the start codon, usually AUG, 
which encodes the ainmo-ternunal methionine of the protein. The SD sequences are 
complementary to the 3*-end of the 16S rRNA (ribosomal RNA) and probably 
promote binding of mRNA to ribosomes by duplexing with the rKNA to allow correct 
25 positioning of theribosome. For a review <mmaximizing gene expression, see 
Roberts and Laucr, y«flwwl» in gnzvmologv. 68:473 (1979), which is hereby 

incorporated by reference. 

Promoters vary in their "strength" (i.e. their ability to promote 
transcription). For the purposes of expressing a cloned gene, it is desirable to use 
30 strong promoters in order to obtain a high level of transcription and, hence, 

expression of the gene. Dependingupon file host cell system utilized, airy one of a 
number of suitable promoters may be used. For instance, when cloning in E.coli, its 
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bacteriophages, or plasmids, promoters such as the T7 phage promoter, &c promoter, 
trp promoter, recA promotor, ribosomal RNA promotor, the P R and P L promoters of 
coliphage lambda and others, including but not limited, to ZccUV5, ompP, Ma, Ipp, 
and the like, may be used to direct high levels of transcription of adjacent DNA 
5 segments. Additionally, a hybrid trp-lacUV5 (tac) promotor or other K coU 

promotes produced by recombinant DNA or other synthetic DNA techniques may be 
used to provide for transcription of the inserted gene. 

Bacterial host cell strains and expression vectors may be chosen which 
inhibit the action of the promotor unless specifically induced. In certain operations, 
10 the addition of specific inducers is necessary for efficient transcription of the inserted 
DNA. For example, the lac operon is induced by the addition of lactose or IFTG 
Cisopropylthio-bete-D-galactoside). A variety of other operons, such as trp, pro, etc., 
are under different controls. 

Specific initiation signals are also required for efficient gene 
15 transcription and translation in procaryotic cells,. These transcription and translation 
initiation signals may vary in "strength" as measured by the quantity of gene specific 
messenger RNA and protein synthesized, respectively. The DNA expression vector, 
which contains a promoter, may also contain any combination of various "strong" 
. transcription and/or translation initiation signals. For instance, efficient translation in 
20 E. coli requires an SD sequence about 7-9 bases 5* to the initiation codon ("ATG") to 
provide a ribosome binding site. Thus, any SD-ATG combination that can be utilized 
by host cell ribo somes may be employed. Such combinations include but are not 
limited to the SD-ATG combination from the cro gene or the N gene of coliphage 
lambda, or from the£ coli tryptophan E,D, C, B or A genes* Additionally, any SD- 
25 ATG combination produced by recombinant DNA or other techniques involving 
incorporation of synthetic nucleotides may be used 

Once the isolated DNA molecule encoding the hypersensitive response 
elicitor polypeptide or protein has been cloned into an expression system, it is ready 
to be incorporated into a host cell Such incorporation can be carried out by the 
30 various forms of transformation noted above, depending upon the vector/host cell 
system. Suitable host cells include, but are not limited to, plant cells as well as 
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prokaryotic and eukaryotic cells, such as bacteria, vims, yeast, mammalian, bisect 

i 

cells, and the Hke, 

The present invention further relates to methods of imparting disease 
resistance to plants, enhancing plant growth, effecting insect control and/or imparting 
5 stress resistance to plants. These methods involve applying a hypersensitive response 
elicitor polypeptide or protein to all or part of a plant or a plant seed under conditions 
where the polypeptide or protein contacts all or part of the cells of the plant or plant 
seed- Alternatively, the hypersensitive response elicitor protein or polypeptide can be 
applied to plants such that seeds recovered from such plants themselves are able to 
10 impart disease resistance in plants, to enhance plant growth, to effect insect control, 
and/or to impart stress resistance. 

As an alternative to applying a hypersensitive response elicitor 
polypeptide or protein to plants or plant seeds in order to impart disease resistance in 
. plants, to effect plant growth, to control insects, and/or to impart stress resistance to 
15 the plants or plants grown from the seeds, transgenic plants or plant seeds can be 
utilized. When utilizing transgenic plants, this involves providing a transgenic plant 
transformed with a DNA molecule encoding a hypersensitive response elicitor 
polypeptide or protein and growing the plant under conditions effective to permit that 
DNA molecule to impart disease resistance to plants, to enhance plant growth, to 
20 control insects, and/or to impart stress resistance. Afternatively, a transgenic plant 
seed transformed with a DNA molecule encoding a hypersensitive response elicitor 
polypeptide or protein can be provided and planted in soiL A plant is then propagated 
from the planted seed under conditions effective to permit that DNA molecule to 
impart disease resistance to plants, to enhance plant growth, to control insects, and/or 
25 to impart stress resistance. 

The method of the present invention can be utilized to treat a wide 
variety of plants or their seeds to impart disease resistance, enhance growth, control 
insects, and/or to impart stress resistance. Suitable plants include dicots and 
monocots. More particularly, useful crop plants can include: alfalfa, rice, wheat, 
30 barley, rye, cotton, sunflower, peanut, com, potato, sweet potato, bean, pea, chicory, 
lettuce, endive, cabbage, brussel sprout, beet, parsnip, turnip, cauliflower, broccoli, 
turnip, radish, spinach, onion, garlic, eggplant, pepper, celery, carrot, squash, 
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pxnnpkm, zucchini, cucumber, apple, pear, melon, citrus, strawberry, grape, raspberry, 
pineapple, soybean, tobacco, tomato, sorghum, and sugarcane. Examples of suitable 
ornamental plants are: Arabidopsis thaliana, Saintpaulia, petunia, pelargonium, 
poinsettia, chrysanthemum, carnation, and zinnia. 
5 with regard to the use of the hypersensitive response elicitor protein or 

polypeptide of the present invention in imparting disease resistance, absolute 
immunity against infection may not be conferred, but the severity of the disease is 
reduced and symptom development is delayed. Lesion number, lesion size, and 
extent of spoliation of fungal pathogens are all decreased. This method of imparting 
10 disease resistance has the potential for treating previously untreatable diseases, 

treating diseases systemically which might not be treated separately due to cost, and 
avoiding the use of infectious agents or envmsnmentally harmful materials. 

The method of imparting pathogen resistance to plants in accordance, 
with the present invention is useful m hnparting resistance to a wide variety of 
15 pathogens including viruses, bacteria, and fungi. Resistance, inter alia, to the 

following viruses can be achieved by the method of the present invention: Tobacco 
mosaic virus and Tomato mosaic virus. Resistance, inter alia, to the following 
bacteria can also be imparted to plants in accordance with present invention: 
Pseudomonas solancearwn, Pseudomonas syringae pv. tabaci, wAXanthamonas 
20 campestris pv.pelargonii Plants can be made resistant, inter alia, to the following 
fungi by use of the method of the present invention: Fusarium oxysporum and 

Phytophthora infestans. 

With regard to the use of the hypersensitive response elicitor protein or 
polypeptide of the present invention to enhance plant growth, various forms of plant 

25 growth enhancement or promotion can be achieved. This can occur as early as when 
plant growth be gins from seeds or later in the life of a plant For example, plant 
growth according to the present invention encompasses greater yield, increased 
quantity of seeds produced, increased percentage of seeds germinated, increased plant 
size, greater biomass, more and bigger fruit, earlier fruit coloration, and earlier fruit 

30 and plant maturation. As a result, the present invention provides significant economic 
benefit to growers. For example, early gemmation and early rnaturation permit crops 
to be grown in areas where short growing seasons would o&erwise preclude their 
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growth in that locale. Increased percentage of seed gemmation results in ii^ 
crop stands and more efficient seed use. Greater yield, increased size, and enhanced 
biomass production allow greater revenue generation from a given plot of land. 

Another aspect of the present invention is directed to effecting any 
5 form of insect control for plants. For example, insect control according to the present 
invention encompasses preventing insects from contacting plants to which the 
hypersensitive response elicitor has been applied, preventing direct insect damage to 
plants by feeding injury, causing insects to depart from such plants, killing insects 
. proximate to such plants, interfering with insect larval feeding on such plants, 
10 preventing insects from colonizing host plants, preventing colonizing insects from 
releasing phyto toxins, etc. The present invention also prevents subsequent disease 
damage to plants resulting from insect infection. 

The present invention is effective against a wide variety of insects. 
. European corn borer is a major pest of com (dent and sweet corn) but also feeds on 
15 over 200 plant species including green, wax, and lima beans and edible soybeans, 

peppers, potato, and tomato plus many weed species. Additional insect larval feeding 
: pests which damage a wide variety of vegetable crops include the foUowing: beet 
annyworm, cabbage looper, corn ear worm, fall armyworm, diamondback moth, 
cabbage root maggot, onion maggot, seed corn maggot, picklewonn (melonworrn), 
20 pepper maggot, and tomato pinworm.- Collectively, this group of insect pests 

represents the most economically important group of pests for vegetable production 
worldwide. 

Another aspect of the present invention is directed to imparting stress 
resistance to plants. Stress encompasses any environmental factor having an adverse 

25 effect on plant physiology and development Examples of such environmental stress 
include climate-related stress (e.g., drou^it, water, frost, cold temperature, bigi 
temperature, excessive ligjit, and insufficient light), air poUlution stress (eg., carbon 
dioxide, carbon monoxide, sulfur dioxide, NO* hydrocarbons, ozone, ultraviolet 
radiation, acidic rain), chemical (e.g., insecticides, fungicides, herbicides, heavy 

30 metals), and nutritional stress (e.g„ fertilizer, micronutrients, macronutrients). -Use c 
hypersensitive response elicitors in accordance with the present invention impart 
resistance to plants against such forms of environmental stress. 
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.The method of the present invention involving application of the 
hypersensitive response elicitor polypeptide or protein can be carried out through a 
variety of procedures when all or part of the plant is treated, including leaves, stems, 
roots, propagules (e.g., cuttings), etc. This may (but need not) involve infiltration of 
5 the hypersensitive response elicitor polypeptide or protein into the plant Suitable 
application methods include higji or low pressure spraying, injection, and leaf 
abrasion proximate to when elicitor application takes place. When treating plant 
seeds, in accordance with the application embodiment of the present invention, the 
hypersensitive response elicitor protein or polypeptide can be applied by low or high 
10 pressure spraying, coating, immersion, or injection. Other suitable application 
procedures can be envisioned by those skilled in the art provided they are able to 
effect contact of the hypersensitive response elicitor polypeptide or protean with cells 
of the plant or plant seed. Once treated with the hypersensitive response elicitor of 
the present invention, the seeds can be planted in natural or artificial soil and 
15 cultivated using conventional procedures to produce plants. After plants have been 
propagated from seeds treated in accordance with the present invention, the plants 
may be treated with one or more applications of the hypersensitive response elicitor 
protein or polypeptide to impart disease resistance to plants, to enhance plant growth, 
to control insects on the plants, and/or impart stress resistance. 
20 The hypersensitive response elicitor polypeptide or protein, can be 

applied to plants or plant seeds in accordance with the present invention alone or in a 
mixture with other materials. Alternatively, the hypersensitive response elicitor 
polypeptide or protein can be applied separately to plants with other materials being 
applied at different times. 
25 A composition suitable for treating plants or plant seeds in accordance 

with the application embodiment of the present invention contains a hypersensitive 
response elicitor polypeptide or protein in a carrier. Suitable carriers include water, 
aqueous solutions, slurries, or dry powders. In this embodiment, the composition 
contains greater than 500 hM hypersensitive response elicitor polypeptide or protein. 
39 Although not required, this composition may contain additional 

additives including fertilizer, insecticide, fungicide, nematacide, and mixtures thereof 
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Suitable fertilizers include (NB^^Cb. An example of a suitable insecticide is 

Malathion. Useful fungicides include Captan. 

Other suitable additives include buffering agents, wetting agents, 

coating agents, and abrading agents. These materials can be used to facilitate the 
5 process of the present invention- In addition, the hypersensitive response eHcrtar 

polypeptide or protein can be applied to plant seeds with other conventional seed 

formulation and treatment materials, including clays and polysaccharides. 

In the alternative embodiment of the present invention involving the 

use of transgenic plants and transgenic seeds, a hypersensitive response eHcrtar 
10. polypeptide or protein need not be applied topically to the plants or seeds. Instead, 

transgenic plants transformed with a DNA molecule encoding a hypersensitive 

response eHcitor polypeptide or protein are produced according to procedures well 

• known in the art. 

The vector described above can be micromjected directly into plant 
1 5 cells by use of micropipettes to transfer mechanically the recombinant DNA. 

Crossway, Mol. Gen. Genetics, 202:179-85 (1985), which is hereby incorporated by 
reference. The genetic material may also be transferred into the plant cell using 
. polyethylene glycol. Krens, et aL, Nature, 296:72-74 (1982), which is hereby 
incorporated by reference. 
2Q, Another approach to tansfonning plant cells with a gene which 

imparts resistance to pathogens is particle bombardment (also known as biolistic 
. transformation) of the host celL This can be accomplished in one of several ways. 
The first involves propelling inert or biologically active particles at cells. This 
technique is disclosed in U.S. Patent Nos. 4,945,050, 5,036,006, and 5,100,792, all to 
25 Sanford et aL, which are hereby incorporated by reference. Generally, this procedure 
- involves propelling inert or biologically active particles at the cells under conditions 
effective to penetrate the outer surface of the cell and to be incorporated within the 
interior thereof When inert particles are utilized, me vector can be introduced into 
the cell by coating the particles with the vector containing the heterologous DNA. 
3 0 Alternatively, the target cell can b e surrounded by the vector so that the vector is 
carried into the cell by the wake of the particle. Biologically active particles (e.g^ 
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dried bacterial cells containing the vector and heterologous DNA) can also be 

propelled into plant cells. 

.Yet another method of introduction is fusion of protoplasts with other 
entities, either nriniceUs, cells, rysosomes or other fusible Kpid-surfaced bodies. 
5 Fraley, et * , iw Natl. Acad. Set USA. 79:1859-63 (1982), which is hereby 

incorporated by reference. 

The DNA molecule may also be introduced into the plant cells by 
. electroporation. Fromm et ah, Pmr..-WH. Acad. Sci. USA. 82:5824 (1985), which is 
hereby incorporated by reference. In this technique, plan! protoplasts are 
10 electroporated in the presence of plasmids containing the expression cassette- 
Electrical impulses of high field strength reversibly permeabilize biomembranes 
allowing the introduction of the plasmids. Electroporated plant protoplasts reform the 

cell 'wall, divide, and regenerate. 

Another method of introducing the DNA molecule into plant cells is to 
15 infect a plant cell with Agrobacterium tumefaciens or A. rhizogenes previously 

• transformed with the gene. Under appropriate conditions known in the art, the 

transformed plant cells are grown to form shoots or roots, and develop further into 

plants. Generally, this procedure involves inoculating the plant tissue with a 

suspension of bacteria and incubating the tissue for 48 to 72 hours on regeneration 

20 medium without antibiotics at 25-28°C 

Agrobacterium is a representative genus of the gram-negative family 

• Rhizobiaceae. Its species are responsible for crown gall (A. tumefaciens) and hairy 
root disease (A. rhizogenes). The plant cells in crown gall tumors and hairy roots are 
induced to produce amino acid derivatives known as opines, which are catabolized 

25 only by the bacteria. The bacterial genes responsible for expression of opines are a 
convenient source of control elements for chimeric expression cassettes. In addition, 
assaying for the presence of .opines can be used to identify transformed tissue. 

Heterologous genetic sequences can be introduced into appropriate 
. plant cells, by means of the Ti plasmid of it tumefaciens orthe Ri plasmid of A. 
30 rhizogenes. The Ti or Ri plasmid is transmitted to plant cells on infection by 

Agrobacterium and is stably integrated into the plant genome. J . Schell, Science, 
237:1 176-83 (1987), which is hereby incorporated by reference. 
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Aftex transformation, the transformed plant cells must be regenerated. 

Plant regeneration from cultured protoplasts is described in Evans et 
al M Handbook of V**"* rail Cultures, Vol 1 : (MacMfflan Publishing Co., New York, 
1983); and VasilLR. (ed.), Cell Culture ar *d ^omatic Cell Genetics of Plants, Acad. 
5 Press, Orlando, VoL 1, 1984, and VoL IE (1986), which axe hereby incorporated by 
reference. 

It is know that practi cally all plants can be regenerated from cultured 
cells or tissues, including but not limited to, all major species of sugarcane, sugar 
beets, cotton, fruit trees, and legumes. 

IQ Means for regeneration vary from species to species of plants, but 

generally a suspension of transformed protoplasts or a petri plate containing 
transformed explants is first provided. Callus tissue is formed and shoots maybe 
induced from callus and subsequently rooted. Alternatively, embryo formation can be 
induced in the callus tissue. These embryos geiminate as natural embryos to form 

15 plants. The culture media will generally contain various amino acids and hormones, 
such as auxin and cytokinins. It is also advantageous to add glutamic acid and proline 
to the medium, especially for such species as com and alfalfa. Efficient regeneration 
will depend on the medium, on the genotype, and on the history of the culture. If 
. these three variables are controlled, then regeneration is usually reproducible and 

20 repeatable. 

After the expression cassette is stably incorporated in transgenic plants, 
it can be transferred to other plants by sexual crossing. Any of a number of standard 
breeding techniques can be used, depending upon the species to be crossed. 

Once transgenic plants of this type are produced, the plants themselves 

25 can be cultivated in accordance with conventional procedure with the presence of the 
gene encoding the hypersensitive response elicitor resulting in disease resistance, 
enhanced plant growth, control of insects on the plant, and/or stress resistance. 
Alternatively, transgenic seeds are recovered from the transgenic plants. These seeds 
can then be planted in the soil and cultivated using conventional procedures to 

30 produce transgenic plants. The transgenic plants are propagated from the planted 
transgenic seeds under conditions effective to impart disease resistance to plants, to 
enhance plant growth, to control insects, and/or to impart stress resistance. While not 
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wishing to be bound by theory, such disease resistance, growth enhnnconeat, insect 
control, and/or stress resistance may be RN A mediated or may result from expression 
of the elicrtor polypeptide or protein 

When transgenic plants and plant seeds are used in accordance with fre 
5 present invention, they additionally can be treated with the same materials as axe used 
to treat the plants and seeds to which a hypersensitive response elicitor polypeptide or 
protein is applied. These other materials, including hypersensitive response eHtitors, 
can be applied to the transgenic plants and plant seeds by the above-noted procedures, 
ir^ludingrugn Similarly, 
10- after plants have been propagated from the transgenic plant seeds, the plants may be 
treated with one or more apphcations of the hypersensitive response eUcitOT to impart 
disease resistance, enhance growth, control insects, and/or to impart stress resistance. 
Such plants may also be treated with conventional plant treatment agents (e.g^ 
insecticides, fertilizers, etc.). 
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EXAMPLES 



20 



Example 1 - Bacterial Strains and Plasmids 

Escherichia coH DH5 and BL21 were purchased from Gibco BRL 
(Rockville, MD) and Novagen (Madison, Wl) respectively. 

pET28 plasmids were from Novagen (Madison, WD- 
All restriction enzymes (e.g., Ndel and Hindlll), T4 DNA ligase, Calf 
intestinal alkaline phosphatase (CIP), and PCR reagents were from Gibco BRL 

25 (RockviUe, MD). 

Oligonucleotides were synthesized by Lofstrand Labs Ltd 

(Gaithersburg, MD). 

Chemically synthesized polypeptides were synthesized by Bio- 
Synthesis (Lewisville, TX). 



30 



Example 2 - Construction of Truncated Gene Encoding Harpin 

Fragments of genes encoding harpin proteins were constructed in 
pET28 vector and expressed in E. coli as follows; 
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1. HipN fragments were PCR amplified from the pCPP2139 
plasmid (Cornell University, Ithaca, MY) and cloned into 
pET2S vector. 

2. HrpZ fragments were PCR amplified from the pSYHIO 
5 plasmid (Cornell University, Ithaca, NY) and cloned into 

pET28 vector. 

3. PopA fragments were PGR amplified from the pBSirpopA 
plasmid (Cornell University, Ithaca, NY) and cloned into 
pET28 vector. 

l0 4, HrpW fragments were PCR amplified from the pCPP1233 

plasmid (Cornell University, Ithaca, NY) and cloned into 
pET28 vector. 

All truncated fragments were amplified by PCR with full length hatpin 
DNA as the template. 

15 Oligonucleotides corresponding to the tnmcatedN-tenninal sequence 

were started /modified with a Nde I site (which serves as an initiation codon of 
methionine (ATG)). Oligonucleotides corresponding to a C-terminal sequence 
contained a UAA stop codon followed by a Hind HI site. 

PCR was carried in a 0.5 ml tube with GeneAmpTM 9600 and 9700 
20 (PE Applied Biosystems, Branchburg, New Jersey). 45 ul of SiroefNGx™ (Gibco 

BRL, RockviUe, MD) was mixed with 20 pmoles of each pair of DNA primers, 10 ng 
' offuUlengraharpmDN^ After heating 

* the inixture at 95°C for 2 nnxu, PCR was performed for 30 cycles at 94 C for 1 rain., 
58*C for 1 min. and 72*C for 1.5 mm. Amplified DNAs were purified with QIAquick 
25 PCR purification kit (QIAGEN Inc., Vlencia, CA), digested with Nde I and Hind m 
at 37*C for 5 hours, extracted once with phenolxWorofonrdsoamylalcohol (25:24:1), 
and precipitated with ethanoL 5 \ig of pET28(b) vector DNA was digested whh 
15 units of Nde I and 20 units offfindEIat 37'C for 3 hours followed with calf 
intestinal alkaline phosphatase treatment for 30 min. at 37*C to reduce the background 
30 resulting from incomplete single enzyme digestion, Digested vector DNA was 
purified with the QIAquick PCR purification kit and directly used for ligation, 
legation was carried at 14°C for 12 hours in a 15 pi mixture containing about 50 to 
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100 ng of digested pFT28(b) f 10 to 30 ng of targeted PCR fragments, and 1 unit of T4 
DNA ligase. 5 pi of ligation solution was added to 100 pi of DHSo/XLI-bIuc 
competent cells, placed in 15 ml Falcon tube, and incubated on ice for 30 min. After 
heat shock at 42*C for 45 seconds, 0.9 ml SOC solution (20 g bacto-tryptaae, 5 g 
5 bacto-yeast extracts, 0.5 gNaCl, 20 mM glucose in one liter) was added into the tube 
and incubated at 37°C for 1 hour. 20 pi of transformed cells were plated onto I£ agar 
plate with 30 u-g/ml of kanamycin and incubated at 37*C for 14 hours. Single 
colonies were transferred to 3 ml LB-media and incubated overnight at 37°C. Plasmid 
DNA was prepared in a 2 ml culture with QIAprep Miniprep kit according to the 
10 manufacture's instruction. The DNA sequence of truncated harpin constructions was 
verified with restriction enzyme analysis and sequencing analysis, Plasmids with the 
desired DNA sequence were transferred into theBL21 strain with a standard chemical 
• transformation method as indicated above. 

15 Example 3 - Expression of Proteins 

A single clone ofE. coli with a constructed gene was grown overnigit 
at 37*C in LB with kanamycin. A proper amount of overnight culture was transferred 
to 50 to 500 ml LB and incubated at 37'C until OD600 reached 0.5 to 0.8. ITPGwas 
20 added to the culture which was further incubated at room temperature fox a period of 
5 hour to overnight Alternatively, a proper amount of overnight culture was - 
transferred to 50 to 500 ml of 54 TB with lactose medium (6 g bacto-trypton, 12 g 
bacto-yeast extract, 75 g lactose in one liter). After incubation at 37*C until the 
OD600 reached 0.5 to 0.8, the culture was incubated at room temperature for a period 

25 of 5 hours to overnight 

All bacterial cells were harvested by centrifugation and resuspended in 
1:5 TE buffer (10 mM Tris, pH 8.5 and 1 mM EDTA). The cells were disrupted by 
sonication and clarified by centrifugaticn. Supematants were then infiltrated into 
tobacco leaves for HR testing. 

30 Heat treatment (Le, boiling for 1 to 10 min.) was used to achieve 

further purification. 

All truncated fragments of genes encoding harpin protein were 
expressed in ^. colil BL-21, DE3 strain with an N^enninal His-tag and 20 to 21 
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arnino acid residues generated from the expression vector sequence. The ffis-tag 
sequence did not affect the HR activity of the proteins. In some cases, Ni-Agarose 
beads were added into supernatant solution and mixed at 4*C to room temperature for 
a period of 30 min. to ovemigit The proteins boimd to the Ki-Agaroseo^ 
5 washed by 0.1 M imidazole buffer, and proteins were ehited with 0.6 to 1.0 M 
imidazole, After dialysis against 10 mM Tris, pH 8.5 buffer, the proterns were 
infiltrated into tobacco leaves for HR testing. 

For proteins expressed in E. coli that were difficult to dissolve in 
water, total cells were resuspended and sonicated in 8 M urea buffer (O.lMNa- 
10 phosphate, 10 mM Tris buffer, pH8.0). Hie total cell lysate was centrifuged, and 

supernatants were collected Ni-agarose was added into the supernatants and mixed 
gently at room temperature for 30 mm The Ni-agarose resin was washed with buffer 
(8 M urea, 0.1 M Na-phosphate, 10 mM Tris buffer, pH63). The proteins were eluted 
with elntion buffer (8 M urea, 0.1 M EDTA, 0.1 M Na-phosphate, 10 mM Tris buffer, 
15 pH 6.3) and dialyzed against buffer <pH 8.5, 10 mM Tris) with stepwise decreased 
urea. If the proteins still were insoluble in buffer, the solution pH was adjusted to 9 to 
11 and sonicated at room temperature for 1 to 5 rnin. 

Chemically synthesized polyp eptides were dissolved in 1 0 mM Tris, 
pH 6.5 to 11 buffers depending on their solubility. 
20 A hypersensitive response CUR") assay was performed by infiltration 

of 0.1 to 03 ml of serial diluted protein solutions into tobacco leaves (cv. Xanth). All 
HR data shown in these examples were recorded from 48 hours after infiltration. 
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Example 4 - Quantification of Proteins 

All expressed proteins were checked with pre-cast 4-20% SDS 
polyacrylamide gel electrophoresis (SDS-PAGE) from No vex (San Diego, CA). 
After electrophoresis, the gel was stained with Coomasssie R-250 solution (0.1% 
CoomassieR-250, 10% Acetate Acid, 40% ethanol) for 1 to 4 hours and distained 
30 with abstaining solution (8% acetate acid and 25% ethanol) overnight The density of 
corresponding hands were compared to standard proteins, which were either 
purchased fxomNovex or were from quantitative standard harpin protein produced by 
Eden Bioscience (Bothell, Washington). 
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Examples - Classification of Harpln Proteins 

Since harpin protons share common Hochemical and biophysical 
characteristics sis well as biological functions, based on fheir unique properties, HR 
eUcitors from various pathogenic bacteria should be viewed as belonging to anew 
protein family— i.e. the harpin protein family. The harpin protein can be classified 
into at least four subfamilies based on their primary structure and isolated sources. As 
set forth in Table 1, those subfamilies are identified by the designation N, W, Z, A, 
etc 

Table 1 - Subfamilies of Harpin Proteins 



15 



20 



25 



Harpin 
protons 



HtpNb« 



HrpW>» 



HrpZp, 



PopAl 



Isolated Source 



E. amylavora 



E, chrysanthemi 



E. carotovora 



E.stewartH 



P. syringae 



E. amylovora 



P. syringae 



Itso lanacearum 



Classified 
Subfamily 



N 



N 



N 



N 



W 



w 



I* 



L42 



6.51 



5.82 . 



N/A 



4.43 



4.46 



3.95 



4.16 



Amino 



403 



340 



356 



424 



447 



341 



344 



Heat 
stable 



Yes 



Yes 



Yes 
Yes 



Yes 
Yes 



Yes 



Yes 



Core 
structure 



No 



No 



No 



No 



No 
No 



No 



No 



Example 6 - Analysis of the Structural Units of an HR Domain 

The sequence of amino acids mat alone could elicit a hypersensitive 
response in plants (i.e. HR domains) has been investigated in different ways. It was 
reported mat a carboxyi-tenninal 148 amino acid portion of HrpZj^is sufficient and 
necessary for m (Be et aL, ^seudomon^ A 
Protein that is Secreted via the Hip Pathway and Elicits the Hypersensitive Response 
in Plants," £efl 73 :1255-1266.(1993), which is hereby incorporated by reference). 
With truncated HrpZ fragments, it was determined that an N-terminal 1 09 arnino 
acids and C-terminal 216 amino acids ofHrpZi*, respectively, were found to elicit 
HR (Alfano et aL, "Analysis of the Role of the Pseudomonas Syringae pv. Syringae 
HrpZ Harpin in Elicitation of the Hypersensitive Response in Tobacco Using 
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Functioiiany Non-polar hrpZ Deletion Mutations, Truncated HipZ Fragments, and 
hnnA Mutations," Mnl^nlar Microbiology 19:715-728 (1996), which is hereby 
incorporated by reference). Jin et at, "A Truncated Fragment of Harpin^ Induces 
Systemic Resistance to Xanthomonas campestris pv. Oryzae in Rice," fov^ologcal 
5 Molecular Plant Pathology 51:243-257 (1997), which is hereby incorporated by 

reference, reported that a truncated HrpZp* with an N-terminal of 1 3 7 amino acids 
elicited a hypersensitive response in tobacco and induced systemic acquired resistance 
(Le.SAR)inrice. After digestion with protease, a hypcrsensidve response active 
fragment ofHrpNa was isolated and found to span amino acids 137 to 204 of 
10 HrpNEa- It was found that a 98 residue of N-terminal HrpNE* fragment was the 
smallest bacterially produced peptide that displayed HR^Ucrting activity (Laby, 
"Molecular Studies on Interactions Between Erwinia Amylovora and its Host and 
Non-host Plants," Doctoral Thesis in Cornell University (1997), which is hereby 
incorporated by reference). 
15 " A series of HtdNe. fragments have been generated with His-tag fusion 

at the N-temrinal of the polypeptides and a polypeptide (HtoNe.137180), located at 
" position of 137 to 180 ainino acid residue of HrpN^ was identified to eHcitm 
activity in tobacco. 

20 Example 7 - Analysis of Secondary Structure of HR Domains 

The DNA and primary protein sequence of the HrpN Ea 137180 show no 
any homologues among other hypersensitive response elicitors. 

Analyses of the secondary structure of the fragment of HrpN£j37180 
25 revealed, with the aid of the computer program Clone Manger5 (Scientific & 

Educational Software, Durham, NQ, that mere was a beta-form, a beta-turn, and 
unordered forms. One typical a-helical segment of residues at 157-170 was found in 
the HrpNual371 80 polypeptide. To determine the function of this structure, 
polypeptides with a disrupted o>helical structure were generated and hypersensitive 
30 response results were evaluated. As shown in Table 2, a complete alpha-helix unit (H 
unit), probably with a length greater than 12 amino acid residues, is need for 
hypersensitive response activity. 
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Table 2 - Effect of Alpha-helix Structure 



Fragment name 
HtpNbJ37180 


Amino acid 

137-180 (44) 
ul-3.10 


HR* 

+ 

<5 us/ml 


Stnicture 
Complete H 


Source 

Exoli expressed 
peptide 


HrpNs.137166 


137-166 (30) 

1)1 = 3.29 




disrupted H 


Synthesized peptide 


HipNB.76168 


76-168 
dI«339 




disrupted H 


Exoli expressed 
peptide 



10 



15 



20 



The a-helical unit plays an important role in hypersensitive response 
activity, however, it was found that an a-helix unit alone did not achieve HR 
(Table 3). 

Therefore, hypersensitive response eliciting domains contain more than 
one structure unit Besides the core a-helical unit, there is an acidic unit that has no 
typical secondary structure feature but is rich in acidic amino acids. This relaxed 
structure, having a sheet and random turn, is designated as an acidic unit (A unit). 

Although the acidic unit is important in acMeving a hypersensitive 
response, it alone, like the a-helical unit alone, did not elicit a hypersensitive 
response. 

A synthetic polypeptide, HipNE.140176, that included both A and H 
structure, spanning amino acids 140 to 176 of HrpNra, gave full activity of HR. 
Sequence analysis by major search engines revealed no global primary sequence 
similarity in the databases to HrpNE.140176, even among the harpin protein tamffiea. 

Table 3 - Effect of Acidic Unit on Hypersensitive Response (HR) Activity 



Fragment name 


Amino acid 


HR* 


Structure 
(A or H)** 


Source 


HrpNE.140176 


140-176(37) 
pM.17 


+ 

<5 iiRfau 


A + H 


Synthesized 
peptide 


HrpN & 157170 


157-170(14) 
pl«=634 




H 


Synthesized * 
peptide 


HrpKEtl37156 


137-156(20) 
dI~2.67 




A 


Synthesized 
peptide 



! 



WO 01/98501 



PCTAJSO1/18820 



-53- 

Kxample8 - Hypersensitive Response Domain Structure of HrpNg, ( 

Four a-heUcal regions with at least 12 amino add residues were found 
in HrpNe, based on computer analysis with the program Clone Manager 5 (Scientific 
5 & Educational Software, Durham, NQ, which predicts the secondary structure of 
protein from the primary sequence by the method of Garmer-Osguthorpe-Robson. 

It i 8 believed that a hypersensitive response domain includes two 
structural unite, the a-helix (H) and the acidic unit (A). Another hypersensitive 
response domain, spanning amino acids 43 to 70 in HrpNEa, was found. A mi n ima ] 
10 sequence of 12 to 14 AA residues of both the H and A units is believed to be needed. 
The chemically synthesized polypeptide ofHrpNB.4370 gave full HR activity in 
*" tobacC o. Thus, a second HR domain has been discovered based on purely secondary 

structure analysis and prediction. 
: To further test the hypothesis that the A and H units are needed to 

15 ' achieve a hypersensitive response, an approach of unit exchange (ie. swapping an 

acidic unit from one HR domain to another HR domain) was designed. A polypeptide 
of HrpNEsDswap, which consisted of the acidic writ of a hypersensitive response 
domain (HrpNE.140176), spanning amino adds 136 to 156 of HtdNb* and the 
a-helical unit of another hypersensitive response domain (HrpNiu4370), spanning 
20 amino acids 57 to 70 of HrpNa, was chemically synthesized. This polypeptide 
swapped two structural units of A and H between two hypersensitive response 
" domains of HrpNEs4370 and HrpNE.140176. TheHrpNBJJswap gavea 

hypersensitive response activity in tobacco (Table 4). This result shows that fee 
structural characteristic of an HR domain determines its activity, and structural 
25 analysis can be used to determine hypersensitive response activity. 



Table 4 - Two Structural Units Determine Hypersensitive Response Activity 



Fragment name 


Amino acid 


HR 


Structure Type 


Source 


Hrp*W*370 


43-70(28) 
pfr-3.09 


+ 

<5 ng/ml 


A+H 


Synthesized 
peptide 
Partial soluble 


BipNaJDswap 


Hrp*H36156(A)* 
HrpN5770 (H) 
pI-2.67 


<30 jig/ml 


A unit frum 

HrpNE.140176 + 

H unit from HipNag4370 


Synthesized 
peptide 
Partial soluble 
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ExamEle2- Prediction of Hypersensitive Response Domains Among Proteins 
in Harpin Famfly 

5 The secondary structure which indicates the presence of a 

hypersensitive response domain in HrpNBa was used to identify other harpin proteins, 
including proteins classified as different subfamilies. Structural prediction of a 
hypersensitive response domain among harpin proteins was carried ac>cording to 

10 following criteria: 

1. There are two structural units in a hypersensitive response 

domain, including: 

a. A stable a-helix unit with 12 or more arnino acids in 
length and 

15 b- An hydrophilic, acidic unit with 12 or more amino acids 

in length which could be a beta-form, a beta-turn, and 
unordered forms. 

2. The pi of a hypersensitive response domain should be acidic 

and, in general, below 5* 
20. 3 ^ minimal size of an HR domam is fiom about 28 to 40 AA 

residues. 

Putative HR domains have been identified to fit the criteria by 
computer analysis among harpin protein famil y (Table 5). 



WO 01798501 



PCT/US01/18820 



-55- 

Table 5 - Predication of Hypersensitive Response Domains Among Harpin 

Proteins ' 



HR domain 


Isolated Source 


Predicted region* 


Til 


Structure 


HtpNe.-! 


E. amylovora 


43-70 


3.09 


A + H 


HtpNe»-2 ' 


E. amylovora 


140-176 


3.17 


A+H 


HrpNEdrl 


E. chrysanthemi 


78-118 


5.25 


A+H 


HipKea-2 


E. chrysanthemi 


256-295 


4.62 


A + H 


HtpNe^I 


E. carotovora 


25-63 


4.06 


A+H 


HntfW-2 


E carotovora 


101-140 


3.00 


A+H 












HrpW^l 


P. syringae 


52-96 


432 


A + H 


HrpWca-l 


E. amylovora 


10-59 


433 


A + H 














P, syringae 


97-132 


T68 


A + H 


HtpZpo-2 


P. syringae 


153-189 


3.67 


A+H 


HtpZp.,-3 


P. syringae 


271-308 


3.95 


A + H 












PopAWl 


R.solanacexjnim 


92-125 


3.75 


A + H 


PodAW2 


Hsolanacearum 


206-260 


3.62 


A + H 



•Amino acid residue position 



10 



15 



Example 10 - Hypersensitive Response Activity of Select Synthesized 
Polypeptides 

Polypeptides were produced by expression in otto E. coli ox by 
chemical synthesis. Based on prediction of solubility and stability of a particular 
peptide, in some cases, a broader region of AA residues in addition to the essential 
units were also synthesized to increase solubility of the peptides. The identification of 
HR domains among four subfemilies of harpin protein demonstrated this (Table €). 
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Table 6 - Hypersensitive Response Activity of Select Synthesized Polypeptides 



HR domain 


Isolated Source 


region 


Pi 


Source 


HR activity 


HipNerl 


E. amylovora 


43-70 


3.09 


Chemical 
Synthesized 


+ <5 Mg/ml 




E. amylovara 


140-176 


3.17 
4.53 


Chemical 
Synthesized 

BxoH expressed 


+ <5 tig/ml 


HipZpn-l 


E. amylovara 

P. syringae 

P. syringae 


10-59 

97-132 

153-189 


3.68 
3.69 


Chemical 
Synthesized 
ExoK expressed 


+ <20 ^g^ral 
+ <5 HR/ml 


PopAlu-1 

PopAlRi-2 


JL solanacearum 

JL solanacearum 


92-125 
206-260 


375 
3.62 


rfarmcal 

Synthesized 
E.coli expressed 


+ <5 (ig^nl 
+ <5 Uftfrnl 



5 Example 11 - Construction of Hypersensitive Response Domains In a Protein 
Expression Cassette 

Polypeptides with a harpin protein hypersensitive response domain 
were expressed in KcoH. PCR was used to amplify desired areas of genes encoding 
10 harpin proteins and cloned into an expression vector, e.g. pET28a. A pair of PCR 
primers wife unique flanking sequences were designed to create a universal 
expression cassette, as shown in Figure 1, for expression of a fragment of harpin 
protein. Each amplified DNA fragment has a protein translation start codon of ATG 
in a restriction enzyme Nde I site which might add an extra amino acid of methionine 
15 into a polypeptide. Each amplified DNA fragment has a protein translation stop 
codon of TAA. Each amplified fragment contained two restriction enzyme sites of 
EcoRV and Smal, which gave 4 extra in-frame amino acids expressed as Pro-Gry at 
the N-tenninal and Asp-He at the C-tenninal, respectively. Those two sites are 
essential to allow two or more expression cassettes to be linked in a specific order and 
20 in frame with a minimum number of amino acids being introduced. Cassette A was 
first digested by EcoR V, Kgated to cassette B, and digested with Sma I to produce a 
new expression cassette C which coupled the two fragments together with two extra 
amino acids (i.e. Asp-Gly), which are common amino acids in hypersensitive 
response dennains. The newly formed cassette C still contained the same 5* and 3* 
25 flanking sequences as original cassettes A and B and maintained the ability to be 
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coaled by another cassette, B gl II and B am HI sites in the cass ette permit the 
cassette to be linked in frame into a cancatomer with a conect orientati The 
strategy is that digestion of DNA with Bgl Hand Bam HI results in compatible ends 
that would be ligated with each other but could not be cut by either enzymes after 

5 ligation. For example, a DNA fragment encoding a hypersensitive response domain 
in a cassette could be digested by restrictions enzymes of Bgl II and Bam HI 
separately, digested DNA fragments could be ligated in a ligation solution also 
including both Bgl H and Bam HI enzymes, any ligated ends with Bgl H or Bam HI 
sites could be digested by the enzymes, and only those ligated sites between Bgl H 

10 and Bam HI could remain. 

Example 12 - Building Blocks for Creating Supertiarpins that have Higher 
Biological Efficacy 

15 Hypersensitive response domains were identified and isolated from 

several haipm proteins. With the combination of those HR domains, new 
polypeptides (Le. superharpins) that have higher HR potency and have enhanced 
ability to induce disease resistance, impart insect resistance, enhance growth, and 
achieve environmental stress tolerance. Superharpins could be one HR domain repeat 
20 units (cancatomer), different combinations of HR domains, and/or biologically active 
*' domains from other elicitors. Part of the domains from different harpin proteins and 
other elicitors were constructed into the universal expression cassette as shown on 
Example 11 and designated as superharpin building blocks. Table 7 lists some 
Buperharpin building blocks which were expressed in pET-28a(+) vector with a 
25 His-tag sequence at their N-temrinaL 
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Table 7 - Snperharpin Building Blocks including pET-28a(+) Ms-tag Leader 

Sequence 



Domain 
Sequence 



Source 



MW(kPa) I #aA 



(Strucmralry) 
Heat Stable 



FOPA70-146 



10.69 104 



HrpNBa40-80 



6.754 



Dimer of HrpNBa40-8Q 



10.84 



Triplemer of HrpK£a40-80 



14.93 



Tetramer of HrpNEa40-80 



19.01 



HrpNBal40-180 



7.224 



6,48 



Yes 



68 



6.78 



N/A 



111 



6.13 



N/A 



154 



5.63 



197 



4.95 



68 



5.01 



N/A_ 



Yes 



N/A 



N/A 



N/A 



Yes 
Yes 



Dimer of HrpNEal40-180 



11.78 



111 



(Neb 



Triplemer of HrpNBaMO- 



1634 



154 



3.72 



Yes 



Yes 



Tetramer of HrpNEal40- 
180 



20.89 



197 



3.58 



Yes 
1ST 



Yes 



(Nc)w 



Cancatomex (lOrcpeatmg 
mats of HrpNBal40-180 



4803 



455 



<Nch« 



Cancatoiner (16 repeating 
units of HrpNEal40-l80 



75.57 



713 



3.18 



W 



HrpWBalO-59 



7586 



77 



6.48 



HrpZ9<M50 



8.087 



78 



538 



Yes 



Yes 



HrpZ266-308 



7.029 



70 



6.40 



Yes 



Yes 





fcis-tag leader 
seq. 



2.045 



19 



11.04 



5 Example 13 - Superharpins with Stacked HRBornains and their Biological 
Activities 

There are numerous polypeptides could be generated with different 
1 o combinations of HR domains or by stacking HR domains and repeating units in order. 
Selective combination or stacking of HR domains isolated frc^harpin proteins ox 
• other elicitors can be designed to achieve a targeted disease resistance spectrum See 
Table 8 for superharpins prepared by stacking of HR building blocks listed on 
Table 7. AU three listed superharpins (U. SH-1, SH-2, SH-3) were cor^ructed into a 
15 pEK8(a) vector and expressed in K colu Recombinant proteins were partially 
purified and quantified by SDS-PAGB with purified Harpin N protein as a 
quantitative standard. 
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Tablc 8 - Properties of Superharptns 



Protein I Domain ScqumS I MW(kDa) I #<ul pi 



Soluble 



SH-1 



SH-2 



SH-3 



HrpN from Ramylovora 



54.955 



545 



3.69 



Yes 



52341 



519 



334 



Yes 



Yea 
Yd 



60375 



598 



3.67 



39.697 



403 



4.42 



Yes 
Yes 



Yes 
Yes 



10 



Bioassays for hypersensitive response ob tobacco leaves (HR), 
percentage of TMV reduction on tobacco leaves, and plant growth enhancement with 
tomato showed that superharpms had higher (up to 2 to 1 0 fold greater) HR potency 
compared with HrpN from E. amylovora. This also demonstrated that superharpms 
have better perfonnance on % TMV reduction and plant growth enhancement assay. 
See Table 9. 



Table 9 - Biological Activities of Superharpins 



Piotcm 



Domain Sequence 



Elicit HR 



% TMV reduction on tobacco 
10 pgfad 1 Hgfari 



% Plant Growth I 
lOugfed | 1 ug/ml 



0.66 



83 
84 



79 



7.49 



9.83 



SH-2 



SH-3 
HrpNEa 



0.13 



WCN^eW 



0.15 



77 



60 
55 



11.07 
11-68 



laoo 

N/A 



HrpN from Eamytovora 



1-3 



55 



10 



15 



Although the invention has been described in detail for the purpose of 
illustration, it is understood that such detail is solely for that purpose, and variations 
can be made therein by those skilled in the art without dep artmg from the spirit and 
scope of the invention which is defined by the fouowing claims. 



WO 01/98501 



PCTAJ SO 1Y18820 



-60- 

WHAT IS CLAIMED: 

1. An isolated hypersensitive response elicitor protean comprising 
an isolated pair or more of spaced apart domains, each comprising an acidic portion 

5 linked to an alpha-helix and capable of ehciting a hypersensitive response in plants. 

2. A protein according to claim 1, wherein the protein is 

recombinant* 



10 

to claim 1. 



3. An isolated nucleic acid molecule encoding a protein according 



4. A nucleic acid molecule according to claim 3, wherein each 
domain is from a different source organism 

15 

5 . A nucleic acid molecule according to claim 3 , wherein there ate 
3 or more spaced apart domains. 

6. An expression vector containing a nucleic acid molecule 
20 according to claim 3 which is heterologous to the expression vector. 

7 An expression vector according to claim 6, wherein the nucleic 
acid molecule is positioned in the expression vector in sense orientation and correct 
reading frame, 

25 

8. A host cell transformed with the nucleic acid molecule 
according to claim 3. 

9. A host cell transformed according to claim 8, wherein the host 
30 cell is selected fiom the group consisting of a plant cell, a eukaryotic cell, and a 

procaryotic celL 
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10. A host ceU according to cla^ 
molecule is transformed with an expression system. 

11. A transgenic plant transformed with the nucleic acid molecule 

5 of claim 3. 

12. A transgenic plant according to claim 1 1 , wherein the plant is 
selected from the group consisting of alfalfa, rice, wheat, barley, rye, cotton, 
sunflower, peanut, com, potato, sweet potato, bean pea, chicory, lettuce, endive, 

10 cabbage, brussel sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, 
onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 
apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomato; sorghum, and sugarcane. 

15 13. A transgenic plant according to claim 11, wherein the plant is 

selected from the group consisting of Arabidopsis thaliana, SaintpauJia, petunia, 
pelargonium, poinsettia, chrysanthemum, carnation, and zinnia . 

14. A transgenic plant according to claim 1 1 , wherein the plant is a 

20 monocot 

15. A transgenic plant according to clarmll,wheremtheplantia a 

dicot 

25 16. A transgenic plant according to claim 11, wherein each domain 

is from a different source or ganism . 

17. A transgenic plant according to claim 11, wherein there are 3 or 
more spaced apart domains. 

30 

18. A transgenic plant seed transformed with the nucleic acid 
molecule of claim 3. 
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19. A transgenic plant seed according to claim 18, wherein the 
plant is selected from die group consisting of alfalfa, rice, wheat, barley, rye, cotton, 
sunflower, peanut, com, potato, sweet potato, bean pea, chicory, lettuce, endive, ' 
5 cabbage, brussel sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, 
onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, caicumber, 
apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomato, sorghum, and sugarcane. 

lO , 20. A transgenic plant seed according to claim 18, wherein the 

plant is selected from the groin? consisting of Arabidopsis thaliana, Saintpaulia, 
petunia, pelargonium, poinsettia, chrysanthemum, carnation, and zinnia, 

21. A transgenic plant seed according to claim 18, wherein the 
15 plant is a monocot 

22. A transgenic plant seed according to claim 1 8, wherein the 
plant is a dicot 

20 23. A method of imparting disease resistance to plants comprising: 

applying a protein according to claim 1 to a plant or a plant seed under 
conditions effective to impart disease resistance to the plant or to a plant grown from 
the plant seed 

25 24. A method according to claim 23, wherein the protein is applied 

to a plant 

25. A method according to claim 23 , wherein the protein is applied 
to a plant seed and further comprising: 
30 planting the plant seed under conditions effective to impart disease 

resistance to a plant grown from the plant seeds. 
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26. A method of enhancing plant growth comprising; 

i i 

applying a protein according to claim 1 to a plant or a plant seed under 
conditions effective to enhance growth of the plants or of a plant grown from the plant 



27. A method according to claim 26, wherein the protein, is applied 

to a plant 

28. A method according to claim 26, wherein the protein is applied 
10 to a plant seed and further comprising: 

planting the plant seeds under conditions effective to enhance growth 
of a plant grown from the plant seed. 

29. A method of controlling insects comprising: 

15 applying a protein according to claim 1 to a plant or a plant seed under 

conditions effective to control insects. 

30. A method according to claim 29, wherein the protein is appEed 

to a plant 

20 

3L A method according to claim 29, wherein the protein is applied 
to a plant seed and further comprising: 

planting the plant seed under conditions effective to grow a plant from 
the plant seed and to control insects. 



25 



30 



32. A method of imparting stress resistance to plants comprising: 
applying a protein according to claim 1 to a plant or a plant seed under 

conditions effective to impart stress resistance to the plant or to a plant grown from 
the plant seed. 

33. A method according to claim 32, wherein the protein is applied 

to a plant 
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34. A method according to claim 32, wherein the protein is applied 
to a plant seed and farther comprising: 

planting the plant seed under conditions effective to impart stress 
5 resistance to a plant grown from the plant seed. 

35. A method of imparting disease resistance to plants comprising: 
providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 3 and 
IQ planting the transgenic plant or transgenic plant seed under conditions 

effective to impart disease resistance to the plant or to a plant grown from the plant 
seed. 

36. A method according to claim 35, wherein a transgenic plant is 

15 provided. 

37. A method according to claim 35, wherein a transgenic plant 
seed is provided. 

20 38. A method of enhancing growth of plants comprising: 

providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 3 and 

planting the transgenic plant or transgenic plant seed under conditions 

effective to enhance growth of the plant or of a plant grown from the plant seed. 

25 

39. A method according to claim 38, wherein a transgenic plant is 

provided. 

40. A method according to claim 38, wherein a transgenic plant 
30 seed is provided. 



41. 



A method of controlling insects comprising: 
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providing a transgenic plant or transgenic plant seed containing the 
nucleic acid according to claim 3 and 

, planting die transgenic plant or transgenic plant seed under conditions 
effective to control insects on the plant or on a plant grown from the plant seed. 

5 

42. A method according to claim 41, wherein a transgenic plant is 

provided. 

43 . A method according to claim 4 1 , wherein a transgenic plant 
10 • seed is provided. 

44. A method of imparting stress resistance to plants comprising: 
providing a transgenic plant or transgenic plant seed containing the 

• nucleic acid according to claim 3 and 
15 planting the transgenic plant or transgenic plant seed under conditions 

effective to impart stress resistance to the plant or to a plant grown from the plant 
seed. 

45. A method according to claim 44, wherein a transgenic plant is 

20 provided. 

46. A method according to claim 44, wherein a transgenic plant 
seed is provided. 

25 47. An isolated hypersensitive response elicitor protein comprising, 

in isolation, a domain comprising an acid portion linked to an alpha-helix and capable 
of eliciting a hypersensitive response in plants. 



48 . A protein according to claim 47, wherein the protean is 

30 recombinant 
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49. An isolated nucleic acid molecule encoding a protein according 

to claim 47. 

50. An isolated nucleic acid molecule according to claim 49, 
5 wherein there are at least 2 domains, each from a different source organism. 

51. An isolated nucleic acid molecule according to claim 49, 
wherein there are 3 or more coupled domains, 

IQ 52. An expression vector containing a nucleic acid molecule 

according to claim 49 which is heterologous to die expression vector. 

53. An expression vector according to claim 52, wherein the 
nucleic acid molecule is positioned in the expression vector in sense orientation and 

15 correct reading frame, 

54. A host cell transformed with the nucleic acid molecule 
according to claim 49. 

2Q 55. A host cell transformed according to claim 54, wherein the host 

cell is selected from the group consisting of a plant cell, a eukaryotic cell, and a 
prokaryotic celL 

56. A host cell according to claim 54, wherein the nucleic acid 
25 molecule is transformed with an expression system. 

57. A transgenic plant transformed with the nucleic acid molecule 

of claim 49- 



30 



58. A transgenic plant according to claim 57, wherein the plant is 
selected from die group consisting of alfelfe, rice, wheat, barley, rye, cotton, 
sunflower, peanut, com, potato, sweet potato, bean pea, chicory, lettuce, endive, 



PCT/US01/18820 

WO 01/98501 

-67- 

cabbage, bmssel sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, 
onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cmcumber, 
apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomato, sorghum, and sugarcane. 

5 

59. A transgenic plant according to claim 57, wherein the plant is 
selected from the group consisting of Arabidopsis thaliana, Saintpaulia, petunia, 
pelargonium, poinsettia, chrysanthemum, carnation, and zinnia. 

10 60. A transgenic plant according to claim 57, wherein the plant is a 

monocot. 

61. A transgenic plant according to claim 57, wherein the plant is a 

dicot 

15 

62. A transgenic plant according to claim 57, wherein there are at 
least 2 coupled domains, each from a different source organism. 

63. a transgenic plant according to claim 57, wherein there are 3 or 
20 more coupled domains. 

64. A transgenic plant seed transformed with the nucleic acid 
molecule of claim 49. 

25 65. A transgenic plant seed according to claim 64, wherein the 

plant is selected from the group consisting of alfelfe, rice, wheat, barley, rye, cotton, 
sunflower, peanut, com, potato, sweet potato, bean pea, chicory, lettuce, endive, 
cabbage, brussei sprout, beet, parsnip, cauliflower, broccoli, turnip, radish, spinach, 
onion, garlic, eggplant, pepper, celery, carrot, squash, pumpkin, zucchini, cucumber, 

30 apple, pear, melon, citrus, strawberry, grape, raspberry, pineapple, soybean, tobacco, 
tomato, sorghum, and sugarcane. 
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66. A transgenic plant seed according to claim 64 t wherein to 
plant is selected from the group consisting of Arabidopsis thaliana, Saintpaulia, 
petunia, pelargonium, poinsettia, chrysanthemum, carnation, and zinnia. 

5 67. A transgenic plant seed according to claim 64, wherein to 

plant is a monocoi 

68. A transgenic plant seed according to claim 64, wherein the • 
plant is a dicot 

10- 

69. A method of imparting disease resistance to plants comprising: 
applying a protein according to claim 47 to a plant or a plant seed 

under conditions effective to impart disease resistance to the plant or to a plant grown 
from the plant seed. 

15 

70. A method according to claim 69, wherein the protein is applied 

to a plant 

71. A method according to claim 69, wherein the protein is applied 

20 to a plant seed and further comprising: 

planting the plant seed under conditions effective to impart disease 

resistance to a plant grown from to plant seed, 

72. A method of enhancing plant growth comprising: 

25 applying a protein according to claim 47 to a plant or a plant seed 

. under conditions effective to enhance growth of to plant or of a plant grown from the 
plant seed. 



73. A method according to claim 72, wherein to protein is applied 

30* toaplant 
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74. A method according to claim 72, wherein the protein is applied 
to a plant seed and further comprising: 

* planting the plant seed under conditions effective to enhance growth of 

a plant grown from the plant seed. 

5 

75. A method of controlling insects comprising: 

applying a protein according to claim 47 to a plant or a plant seed 
under conditions effective to control insects. 

10 76. A method according to claim 75, wherein the protein is applied 

. to a plant 

77. A method according to claim 75, wherein the protein is applied 
to a plant seed and further comprising: 

15 planting the plant seed tinder conditions effective to grow a plant from 

the plant seed and to control insects. 

78. A method of imparting stress resistance to plants comprising: 
applying a protein according to claim 47 to aplantor aplantseed 

20 under conditions effective to impart stress resistance to the plant or to a plant grown 
from the plant seed. 

79. A method according to claim 78, wherein the protein is applied 

. to a plant 

25 

80. A method according to claim 78, wherein the protein is applied 
to a plant seed and further comprising: 

planting the plant seed under conditions effective to impart stress 
resistance to a plant grown from the plant seed. 

30 

81 . A method of imparting disease resistance to plants comprising: 
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providing a transgenic plant or transgenic plant seed containing the 

nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to impart disease resistance to the plant or to a plant grown from the plant 
5 seed. 

82. A method according to claim 81, wherein a transgenic plant is 

provided, 

10 83. A method according to claim 81, wherein a transgenic plant 

seed is provided. 

84. A method of enhancing growth of plants comprising: 
providing a transgenic plant or transgenic plant seed containing fee 

15 nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to enhance growth o f the plant or of a plant grown from the plant seed. 

85 . A method according to claim 84 , wherein a transgenic plant is 

20 provided. 

86. A method according to claim 84, wherein a transgenic plant 
seed is provided. 

25 87, A method of controlling insects comprising: 

providing a transgenic plant or transgenic plant seed containing the 
nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to control insects on the plant ox on a plant grown from the plant seed. 

30 

88. A method according to claim 87, wherein a transgenic plant is 

provided. 



WO 01798501 



PCT/CSO1V18820 



•71- 



89. A method according to claim 87, wherein a transgenic plant 
seed is provided. 

5 90. A method of imparting stress resistance to plants comprising: 

providing a trans genie plant or trans genie plant seed containing the 
nucleic acid according to claim 49 and 

planting the transgenic plant or transgenic plant seed under conditions 
effective to impart stress resistance to the plant or to a plant grown from the plant 
10 seed. 

91. A method according to claim 90, wherein a trans genie plant is 

provided. 

15 92, A method according to claim 90, wherein a transgenic plant 

seed is provided. 
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SEQUENCE LISTING 
<110> Eden Bioscience Corporation 

<120> HYPERSENSITIVE RESPONSE ELICITING DOMAINS AND OSE 
THEREOF 

<130> 21829/82 

<140> 
<141> 

<150> 60/212,211 
<151> 2000-06-16 

<160> 18 

<170> Patentln Ver. 2.1 

<210> 1 
<211> 338 
<212> PRT 

<213> Erwinia chrysanthemi 
<400> 1 

Met Gin lie Thr lie Lys Ala His He Gly Gly Asp Leu Gly Val Ser 
! 5 10 15 

Gly Leu Gly Ala Gin Gly Leu Lys Gly Leu Asn Ser Ala Ala Ser Ser 
20 25 30 

Leu Gly Ser Ser Val Asp Lys Leu Ser Ser Thr He Asp Lys Leu Thr 
35 40 45 

Ser Ala Leu Thr Ser Met Met Phe Gly Gly Ala Leu Ala Gin Gly Leu 
50 55 60 

Gly Ala Ser Ser Lys Gly Leu Gly Met Ser Asn Gin Leu Gly Gin Ser 
65 70 75 80 

Phe Gly Asn Gly Ala Gin Gly Ala Ser Asn Leu Leu Ser Val Pro Lys 
85 90 95 

Ser Gly Gly Asp Ala Leu Ser Lys Met Phe Asp Lys Ala Leu Asp Asp 
. 100 105 HO 

Leu Leu Gly His Asp Thr Val Thr Lys Leu Thr Asn Gin Ser Asn Gin 
115 120 125 



1 
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Leu Ala Asn Ser Met Leu Asn Ala Ser Gin Met Thr Gin Gly Asn Met 
130 135 «° 

Asn Ala Phe Gly Ser Gly Val Asn Asn Ala Leu Ser Ser lie Leu Gly 
X45 150 155 160 

Asn Gly Leu Gly Gin Ser Met Ser Gly Phe Ser Gin Pro Ser Leu Gly 
165 1^0 1^5 

Ala Gly Gly Leu Gin Gly Leu Ser Gly Ala Gly Ala Phe Asn Gin Leu 
180 185 190 

Gly Asn Ala He Gly Met Gly Val Gly Gin Asn Ala Ala Leu Ser Ala 
195 200 205 

Leu Ser Asn Val Ser Thr His Val Asp Gly Asn Asn Arg His Phe Val 
210 215 220 

Abp Lys Glu Asp Arg Gly Met Ala Lys Glu He Gly Gin Phe Met Asp 



225 



230 235 240 



Gin Tyr Pro Glu He Phe Gly Lys Pro Glu Tyr Gin Lys Asp Gly Trp 
245 250 255 

Ser Ser Pro Lys Thr Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser Lys 
260 265 270 

Pro Asp Asp Asp Gly Met Thr Gly Ala Ser Met Asp Lys Phe Arg Gin 
275 280 285 

Ala Met Gly Met He Lys Ser Ala Val Ala Gly Asp Thr Gly Asn Thr 
290 295 300 

Asn Leu Asn Leu Arg Gly Ala Gly Gly Ala Ser Leu Gly He Asp Ala 
305 310 315 320 

Ala Val Val Gly Asp Lys He Ala Asn Met Ser Leu Gly Lys Leu Ala 
325 330 335 

Asn Ala 



<210> 2 
<211> 2141 
<212> DNA 

<213> Erwinia chrysanthemi 



2 
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<400> 2 ,„ 
cgattttacc cgggtgaacg tgctatgacc gaoagcatca cggtattcga caccgttacg 60 
gcgtttatgg ccgcgatgaa ccggcatcag gcggcgcgct ggtcgccgca atccggcgto 120 
tctggtat ttcagtttgg ggacaccggg cgtgaactca tgatgcagat tcagccgggg 180 
cagcaatatc ccggcatgtt gcgcacgctg ctcgctcgtc gttatcagca ggcggcagag 240 
tgcgatggct gccatctgtg cctgaacggc agcgatgtat tgatcotctg gtggccgctg 300 
ccgtcggato ccggcagtta tccgcaggtg atcgaacgtt tgtttgaact ggcgggaatg 360 
acgttgccgt cgctatccat agcacogacg gogcgtccgc agacagggaa cggacgcgcc 420 
cgatcattaa gataaaggcg gcttttttta ttgcaaaacg gtaacggtga ggaaccgttt 460 
caccgtcggc gtcactcagt aacaagtatc catcatgatg cctacatcgg gatcggegtcr 540 
ggcatccgt* gcagatactt ttgcgaacac ctgacatgaa tgaggaaacg aaattatgc* 600 
aattacgatc aaagcgcaca tcggcggtga tttgggcgtc tccggtctgg ggctgggtgc 660 
tcagggactg aaaggactga attccgcggc ttcatogctg ggttcoagcg tggataaact 720 
gagcagcaco atcgataagt tgaoctccgc gctgacttcg atgatgtttg gcggcgcgct 780. 
ggcgcagggg ctgggcgcca gctcgaaggg gctggggatg agcaatcaac tgggccagte 840 
tttcggcaat ggcgcgcagg gtgcgagcaa cctgctatcc gtaccgaaat ccggcggcga 900 
tgcgttgtca aaaatgtttg ataaagcgct ggacgatctg ctgggtcatg acaccgtgac 960 
caagctgact aaccagagca accaactggc taattcaatg ctgaacgcca gccagatgac 1020 
ccagggtaat atgaatgcgt tcggcagcgg tgtgaacaac gcactgtcgt ccattctcgg 1080 
caacggtctc ggccagtcga tgagtggctt ctctcagcct tctctggggg caggcggctt 1140 
gcagggcctg agcggcgcgg gtgcattcaa ccagttgggt aatgccatcg gcatgggcg* 1200 
ggggcagaat gctgcgctga gtgcgttgag taacgtcagc acccacgtag acggtaacaa 1260 
ccgccacttt gtagataaag aagatcgcgg catggcgaaa gagatcggcc agtttatgga 1320 
tcagtatccg gaaatattcg gtaaaccgga ataccagaaa gatggctgga gttcgccgaa 1380 
gacggacgac aaatcctggg ctaaagcgct gagtaaaccg gatgatgaffg gtatgaccgg 1440 
cgccagcatg gacaaattcc gtcaggcgat gggtatgatc aaaagcgcgg tggcgggtga 1500 
taccggcaat accaacotga acctgcgtgg cgcgggcggt gcatcgctgg gtatcgatgc 1560 
ggctgtcgtc ggcgataaaa tagccaacat gtcgctgggt aagctggcca acgcctgata 1620 
atc tgtgctg gcctgataaa gcggaaacga aaaaagagac ggggaagcct gtctcttttc 1680 
ttattatgcg gtttatgcgg ttacctggac cggttaatca tcgtcatcga tctggtacaa 1740 
acgeacattt tcccgttcat tcgcgtcgtt acgcgccaca atcgcgatgg catcttcctc 1800 
gtcgctcaga ttgcgcggct gatggggaac gccgggtgga atatagagaa actcgccggc 1860 
cagatggaga cacgtctgcg ataaatctgt gccgtaacgt gtttctatcc gccccttfcag 1920 
cagatagatt gcggtttcgt aatcaacatg gtaatgcggt tccgcctgtg cgccggcogg 1980 
gatcaccaca atattcatag aaagctgtct tgcacctacc gtatcgcggg agataccgac 2040 
aaaatagggc agtttttgcg tggtatccgt ggggtgttcc ggectgacaa tcttgagttg 2100 
gttcgtcatc atctttctcc atctgggcga cctgatcggt t 2l4 * 



<210> 3 
<211> 403 
<212> PRT 

<213> Erwinia amylovora 
«00> 3 

Met Ser Leu Asn Thr Ser Gly Leu Gly Ala Ser Thr Met Gin lie Sezr 
15 10 15 
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PCT/USOM8820 

WO 01/98501 



lie 



Gly Gly Ala Gly Gly Asn Asn Gly Leu Leu Gly Thr Ser Arg Gin 
20 25 3<> 

Asn Ala Gly Leu Gly Gly Asn Ser Ala Leu Gly Leu Gly Gly Gly Asn 



35 



40 



45 



Gin Asn Asp Thr Val Asn Gin Leu Ala Gly Leu Leu Thr Gly Met Met 



60 



Met Met 
65 



50 55 

Met Ser Met Met Gly Gly Gly Gly Leu Met Gly Gly Gly Leu 



70 



75 



80 



Gly Gly Gly Leu Gly Asn Gly Leu Gly Gly Ser Gly Gly Leu Gly Glu 



Gly Leu Ser Asn 
100 



B5 *> 95 

Ala Leu Asn Asp Met Leu Gly Gly Ser Leu Asn Thr 
105 HO 



Leu Gly Ser Lys Gly Gly 

115 120 



Asn Asn Thr Thr Ser. Thr Thr Asn Ser Pro 

125 



Leu Asp 
130 



Thr Ser Gly Thr 



Gin Ala Leu Gly He Asn Ser Thr Ser Gin Asn Asp Asp Ser 



135 



140 



Asp Ser Thr Ser Asp Ser Sex Asp Pro Met Gin Gin 



155 



160 



145 150 

Leu Leu Lys Met Phe Ser Glu He Met Gin Ser Leu Phe Gly Asp Gly 



Gin 



165 "° 
Asp Gly Thr Gin Gly Ser Ser Ser Gly Gly lys Gin Pro Thr Glu 



180 185 

Glv Glu Gin Asn Ala Tyr Lys Ly« Gly Val Thr Asp Ala Leu Ser Gly 

J 205 



195 



200 



Leu Met Gly Asn Gly Leu Ser Gin Leu Leu Gly Asn Gly Gly Leu Gly 
210 215 220 

Gly Gly Gin Gly Gly Asn Ala Gly Thr Gly Leu Asp Gly Ser Ser Leu 



225 



230 



235 



Gly Gly Lys Gly Leu Gin Asn Leu Ser Gly Pro Val Asp Tyr Gin Gin 



245 



250 



Leu Gly Asn Ala Val Gly Thr Gly He Gly Met Lys Ala Gly He Gin 

265 270 



260 
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Ala Leu Asn Asp tie Gly Thr His Arg His Ser Ser Thr Arg Sex Phe 
215 / 280 285 

val Asn Lys Gly Asp Arg Ala Met Ala Lys Glu He Gly Gin Phe Met 
290 295 . 300 

Asp Gin Tyr Pro Glu Val Phe Gly lys Pro Gin Tyr Gin Lys Gly Pro 
305 310 315 320 

Gly Gin Glu Val Lys Thr Asp Asp Lys Ser Trp Ala Lys Ala Leu Ser 
325 330 335 

Lys Pro Asp Asp Asp Gly Met Thr Pro Ala Ser Met Glu Gin Phe Asn 
340 345 350 

Lys Ala Lys Gly Met lie Lys Arg Pro Met Ala Gly Asp Thr Gly Asn 
355 360 365 

Gly Asn Leu Gin Ala Arg Gly Ala Gly Gly Ser Ser Leu Gly He Asp 
370 3" 380 



Ala Met Met Ala Gly Asp Ala He Asn Asn Met Ala Leu Gly Lys Leu 
385 

Gly Ala Ala 



■ion 395 400 

385 390 



<210> 4 
<211> 1288 
<212> DBA 

<213> Erwinia amylovora 
<400> 4 

aagcttcggc atggcacgtt tgaccgttgg gtcggcaggg tacgtttgaa ttattcataa 60 
gaggaatacg ttatgagtct gaataoaagt gggctgggag cgtcaacgat gcaaatttct 120 
atcggcggtg cgggcggaaa taacgggttg ctgggtacca gtogccagaa tgctgggttg 180 
ggtggcaatt ctgcaotggg getgggcggc ggtaatcaaa atgataocgt caatcagctg 240 
gctggcttac tcaccggcat gatgatgatg atgagcatga tgggcggtgg tgggotgatg 300 
ggcggtggct taggoggtgg cttaggtaat ggcttgggtg gctcaggtgg cctgggcgaa 360 
ggactgtcga acgcgctgaa cgatatgtta ggcggttcgc tgaacacgct gggctcgaaa .420 
ggcggcaaca ataccaottc aacaacaaat tccccgctgg accaggcgct gggtattaac 480 
tcaacgtccc aaaacgacga ttccacctcc ggcacagatt ccacctcaga ctccagcgac 540 
ccgatgcagc agctgetgaa gatgttcago gagataatgc aaagcctgtt tggtgatggg 600 
caagatggca cccagggcag ttcctctggg ggcaagcagc cgaccgaagg cgagcagaao 660 
gcctataaaa aaggagtcac tgatgcgctg tcgggcctga tgggtaatgg tctgagccag 720 
otccttggca acgggggact gggaggtggt cagggcggta atgctggcac gggtcttgac 780 
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ggttcgtcgc tgggcggcaa agggctgcaa 
ttaggtaacg ccgtgggtac cggtatcggt 
atcggtacgc acaggcacag ttcaacccgt 
gcgaaggaaa tcggtcagtt catggaccag 
cagaaaggcc cgggtcagga ggtgaaaacc 
aagccagatg acgacggaat gacaccagcc 
atgatcaaaa ggcccatggc gggtgatacc 
ggtggttctt cgctgggtat tgatgccatg 
cttggcaagc tgggcgcggc ttaagctt 



aacctgagcg ggccggtgga ctaccagcag 840 
atgaaagcgg gcattcaggc gctgaatgat 900 
tctttcgtca ataaaggcga tcgggcgatg 960 
tatcctgagg tgtttggcaa gccgcagtac 1020 
gatgacaaat catgggcaaa agcactgagc 1080 
agtatggagc agttcaacaa agccaagggc 1140 
ggcaacggca acctgcaggc acgcggtgcc 1200 
atggccggtg atgccattaa caatatggca 1260 

1288 



<210> 5 
<211> 1344 
<212> DKR 

<213> Erwinla amylovora 



<400> 5 

atgtcaattc ttecgcttaa caacaatacc tcgtcctcgc cgggtctgtt ccagtccggg 60 
ggggacaacg ggcttggtgg tcataatgca aattctgcgt tggggcaaca acccatcgat 120 
cggcaaacca ttgagcaaat ggctcaatta ttggcggaac tgttaaagtc actgctatcg 180 
ccacaatcag gtaatgcggc aaccggagcc ggtggcaatg accagactac 240 
aacgctggcg gcctgaacgg aogaaaaggc acagcaggaa ccactccgca f°° 
cagaacatgc tgagtgagat gggcaacaac gggctggatc aggccatcac acccgatggc 360 
cagggcggcg ggcagatcgg cgataatcct ttactgaaag ccatgctgaa gcttattgca 420 
cgcatgatgg acggccaaag cgatcagttt ggccaacctg gtacgggcaa caacagtgcc 480 
tcttocggta cttcttcatc tggcggttcc crttttaaog atctatcagg ggggaaggcc 540 
ccttccggca actccccttc cggcaactac tctcccgtca gtaccttctc acccccatcc 600 
acgccaacgt cccctacctc accgottgat ttcccttctt ctcccaccaa agcagocggg 660 
ggcagcacgccggtaaccga tcatcctgac cctgttggta gcgcgggcat cggggccgga 720 
aattcggtgg ccttcaccag cgccggcgct aatcagaogg tgctgcatga caccattacc 780 
gtgaaagcgg gtcaggtgtt tgatggcaaa ggacaaacct tcaccgccgg ttcagaatta 840 
ggcgatggcg gccagtctga aaaccagaaa ccgctgttta tactggaaga cggtgccagc 900 
Sglaaaacg Laccatggg cgacgacggg gcggatggta ttcatcttta cggtgatgcc 960 
aaaatagaca atctgcacgt caccaacgtg ggtgaggacg cgattaccgt taagccaaac 1020 
agcgcgggca aaaaatccca cgttgaaatc actaacagtt ccttcgagca cgcctctgac 1080 
aagatcctgc agctgaatgc cgatactaac ctgagcgttg acaaogtgaa ggccaaagac 1140 
tttggtactt ttgtacgoao taacggcggt caacagggta aotgggatct gaatotgagc 1200 
catatcagcg cagaagacgg taagttctcg ttcgttaaaa gcgatagcga ggggctaaac 1260 
gtcaatacca gtgatatctc actgggtgat gttgaaaacc actacaaagt gccgatgtcc 1320 
gccaacctga aggtggctga atga 



<210> 6 
<211> «7 
<212> PRT 

<213> Erwlnia amylovora 
<400> 6 
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Met Ser He Leu Thr Leu Asn Asn Asn Thr Ser Ser Ser Pro Gly Leu l « 
! 5 10 15 

Phe Gin Ser Gly Gly Asp Asn Gly Leu Gly Gly His Asn Ala Asn Sex 
20 ' 25 30 

Ala Leu Gly Gin Gin Pro He Asp Arg Gin Thr lie Glu Gin Met Ala 
35 40 45 

Gin Leu Leu Ala Glu Leu Leu Lys Ser Leu Leu Ser Pro Gin Ser Gly 
50 55 60 

Asn Ala Ala Thr Gly Ala Gly Gly Asri Asp Gin Thr Thr Gly Val Gly 
€5 ™ 75 80 

Asn Ala Gly Gly Leu Asn Gly Arg Lys Gly Thr Ala Gly Thr Thr Pro 
85 90 95 

Gin Ser Asp Ser Gin Asn Met Leu Ser Glu Met Gly Asn Asn Gly Leu 
100 105 HO 

Asp Gin Ala He Thr Pro Asp Gly Gin Gly Gly Gly Gin He Gly Asp 
115 120 125 

Asn Pro Leu Leu Lys Ala Met Leu Lys Leu He Ala Arg Met Met Asp 
130 135 140 

Gly Gin Ser Asp Gin Phe Gly Gin Pro Gly Thr Gly Asn Asn Ser Ala 
145 150 155 160 

Ser Ser Gly Thr Ser Ser Ser Gly Gly Ser Pro Phe Asn Asp Leu Ser 
165 170 175 

Gly Gly Lys Ala Pro Ser Gly Asn Ser Pro Ser Gly Asn Tyr Ser Pro 
180 185 190 

Val Ser Thr Phe Ser Pro Pro Ser Thr Pro Thr Ser Pro Thr Ser Pro 
195 200 205 

Leu Asp Phe Pro Ser Ser Pro Thr Lys Ala Ala Gly Gly Ser Thr Pro 
210 215 220 

Val Thr Asp His Pro Asp Pro Val Gly Ser Ala Gly He Gly Ala Gly 
225 230 235 240 

Asn Ser Val Ala Phe Thr Ser Ala Gly Ala Asn Gin Thr Val Leu His 
245 250 255 
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Asp Thr He Thx Val Lys Ala Gly Gin Val Phe Asp Gly Lys Gly Gin 
260 265 270 

Thr Phe Thr Ala Gly Ser Glu Leu Gly Asp Gly Gly Gin Ser Glu Asn 
275 280 285 

Gin Lys Pro Leu Phe He Leu Glu Asp Gly Ala Ser Leu Lys Asn Val 
290 295 300 

Thr Met Gly Asp Asp Gly Ala Asp Gly He His Leu Tyr Gly Asp Ala 
305 310 315 320 

Lys He Asp Asn Leu His Val Thr Asn Val Gly Glu Asp Ala He Thr 
325 330 335 

Val Lys Pro Asn Sex Ala Gly Lys Lys Ser His Val Glu He Thr Asn 
340 345 350 

Ser Ser Phe Glu His Ala Ser Asp Lys He Leu Gin Leu Asn Ala Asp 
355 , 360 365 

Thr Asn Leu Ser Val Asp Asn Val Lys Ala Lys Asp Phe Gly Thr Phe 
310 375 380 

Val Arg Thr Asn Gly Gly Gin Gin Gly Asn Trp Asp Leu Asn Leu Ser 
385 390 395 400 

His He Ser Ala Glu Asp Gly Lys Phe Ser Phe Val Lys Ser Asp Ser 
405 410 415 

Glu Gly Leu Asn Val Asn Thr Ser Asp He Ser Leu Gly Asp Val Glu 
420 425 430 

Asn His Tyr Lys Val Pro Met Ser Ala Asn Leu Lys Val Ala Glu 
435 440 445 



<210> 7 
<211> 5517 
<212> DHA 

<213> Erwinia amylovora 
<400> 7 

atggaattaa aatcactggg aactgaacac 
cctgtggggc atggtgttgc cttacagcag 
gctgcatcat tggcggcaga aggcaaaaat 
tctactgcgg ctgatggtat cagcgctgct 
ggctgtttgg ggacgaaaaa attttccaga 



aaggcggcag tacacacagc ggcgcacaac 60 
ggcagcagca gcagcagccc gcaaaatgcc 120 
cgtgggaaaa tgccgagaat tcaccagcca- 180 
caccagcaaa agaaatcctt cagtctcagg 240 
tcggcaccgc agggccagcc aggtaccacc 300 
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cacagcaaag gggcaacatt gcgcgatctg ctggcgcggg acgacggcga aacgcagcat 1 360 
gaggcggccg cgccagatgo ggcgcgtttg accogttcgg gcggcgtcaa acgccgcaat 420 
atggacgaca tggccgggcg gccaatggtg aaaggtggca gcggogaaga taaggtacca 480 
acgcagcaaa aacggcatca gctgaacaat tttggccaga tgcgccaaac gatgttgagc 540 
aaaatggctc acccggcttc agccaacgcc ggcgatcgoc tgcagcattc accgccgcac 600 
atcccgggta gocaccacga aatcaaggaa gaaccggttg gctccaccag caaggcaaca 660 
acggcccacg cagacagagt ggaaatcgct caggaagatg acgaoagoga attccagcaa 720 
ctgcatcaac agcggctggc gcgcgaacgg gaaaatccao cgcagccgcc caaactcggc 780 
gttgccacac cgattagcgc caggtttcag cccaaactga ctgcggttgc ggaaagcgtc 840 
cttgagggga cagataccac gcagtcaccc cttaagccgc aatcaatgct gaaaggaagt 900 
ggagccgggg taacgccgct ggoggtaaog ctggataaag gcaagttgca gotggcaccg 960 
gataatcoac ccgcgctoaa tacgttgttg aagcagacat tgggtaaaga cacccagcac 1020 
tatctggcgc accatgccag cagcgacggt agocagoatc tgctgctgga caacaaaggc 1080 
cacctgtttg atatcaaaag caccgccacc agctatagcg tgctgcacaa cagccaoocc 1140 
ggtgagataa agggcaagct ggcgcaggcg ggtactggct ccgtcagogt agacggtaaa 1200 
agcggcaaga tctcgctggg gagcggtacg caaagtoaca aoaaaacaat gotaagocaa 1260 
ccgggggaag cgcaccgttc cttattaacc ggcatttggc agcatootgc tggcgcagcg 1320 
cggcogcagg gcgagtcaat ccgcctgcat gacgacaaaa ttcatatcct gcatceggag 1380 
ctgggcgtat ggcaatctgc ggataaagat acccaoagcc agctgtctcg ccaggcagac 1440 
ggtaagctct atgcgctgaa agacaaccgt accctgcaaa acctctocga taataaatcc 1500 
tcagaaaagc tggtogataa aatcaaatcg tattccgttg atcagcgggg gcaggtggcg 1560 
atcctgacgg atactcccgg ccgccataag atgagtatta tgccctcgct ggatgcttcc 1620 
ccggagagcc atatttccct cagcctgcat tttgccgatg cccaccaggg gttattgcac 1680 
gggaagtcgg agcttgaggc acaatctgtc gcgatcagcc atgggcgact ggttgtggcc 1740 
gatagcgaag gcaagctgtt tagcgccgcc attccgaagc aaggggatgg aaacgaactg 1800 
aaaatgaaag ccatgcctca gcatgcgctc gatgaacatt ttggtcatga ocacoagatt 1860 
tctggatttt tccatgacga ccacggccag cttaatgcgc tggtgaaaaa taacttcagg 1920 
cagcagcatg cctgcccgtt gggtaacgat catcagtttc accccggctg gaacctgact 1980 
gatgcgctgg ttatcgacaa tcagctgggg ctgcatcata ccaatcctga accgcatgag 2040 
attcttgata tggggcattt aggoagcctg gcgttacagg agggcaagct tcactatttt 2100 
gaccagctga ccaaagggtg gartggcgeg gagtcagatt gtaagcagct gaaaaaaggc 2160 
ctggatggag cagcttatct actgaaagac ggtgaagtga aacgcctgaa tattaatcag 2220 
agcacctcct ctatcaagca cggaacggaa aacgtttttt cgctgccgca tgtgcgcaat 2280 
aaaccggagc cgggagatgc cctgcaaggg ctgaataaag acgataaggc ccaggccatg 2340 
gcggtgattg gggtaaataa atacctggcg ctgacggaaa aaggggacat tcgctccttc 2400 
cagataaaac ccggcaccca gcagttggag cggccggcac aaactctcag ccgcgaaggt 2460 
atcagcggcg aactgaaaga cattcatgtc gaecacaagc agaacctgta tgccttgacc 2520 
cacgagggag aggtgtttca tcagccgcgt gaagcctggc agaatggtgc cgaaagcagc 2580 
agctggcaca aactggcgtt gccacagagt gaaagtaagc taaaaagtct ggacatgagc 2640 
catgagcaca aaccgattgc cacctttgaa gacggtagcc agcatcagct gaaggctggc 2700 
ggctggcacg cctatgcggc acctgaacgc gggccgctgg cggtgggtac cagcggttca 2760 
caaaccgtct ttaaccgact aatgcagggg gtgaaaggca aggtgatccc aggcagcggg 2820 
ttgacggtta agctctcggc tcagacgggg ggaatgaccg gcgccgaagg gcgcaaggtc 2880 
agcagtaaat tttccgaaag gatccgcgcc tatgcgttca acccaacaat gtccacgccg 2940 
cgaocgatta aaaatgctgc ttatgccaca cagcacggct ggcaggggcg tgaggggttg 3000 
aagccgttgt acgagatgca gggagcgctg attaaacaac tggatgcgca taacgttcgt 3060 
cataacgcgc cacagccaga tttgcagago aaactggaaa ctctggattt aggcgaacat 3120 
ggcgcagaat tgcttaacga catgaagcgc ttccgcgacg aactggagca gagtgcaacc 3180 
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cgttcggtga ccgttttagg tcaacatcag ggagtgctaa aaagcaacgg tgaaatcaat 3240 
agcgaattta agccatcgcc cggcaaggcg ttggtccaga gctttaacgt caatcgctct 3300 
ggtcaggatc taagcaagtc actgcaacag gcagtacatg ccacgccgcc atccgcagag 3360 
agtaaactgc aatccatgct ggggcacttt gtcagtgccg gggtggatat gagtcatcag 3420 
aagggcgaga tcccgctggg ccgccagcgc gatccgaatg ataaaaccgc actgaccaaa 3480 
tcgcgtttaa ttttagatac cgtgaccatc ggtgaactgc atgaactggc cgataaggcg 3540 
aaactggtat ctgaccataa acccgatgcc gatcagataa aacagctgcg ccagcagttc 3600 
gatacgctgc gtgaaaagcg gtatgagagc aatccggtga agcattacac cgatatggge 3660 
ttcacccata ataaggcgct ggaagcaaac tatgatgcgg tcaaagcctt tatcaatgcc 3720 
tttaagaaag agcaccacgg cgtcaatctg accacgcgta ccgtactgga atcacagggc 3760 
agtgcggagc tggcgaagaa gctcaagaat acgctgttgt ccctggacag tggtgaaagt: 3840 
atgagcttca gccggtcata tggcgggggc gtcagcactg tctttgtgcc tacccttagc 3900 
aagaaggtgc cagttccggt gatccccgga gccggcatca cgctggatcg cgcctataac 3960 
ctgagcttca gtcgtaccag cggcggattg aacgtcagtt ttggccgcga cggcggggtg 4020 
agtggtaaca tcatggtcgc taccggccat gatgtgatgc cctatatgac cggtaagaaa 4080 
accagtgcag gtaacgccag tgactggttg agcgcaaaac ataaaatcag cccggacttg 4140 
-cgtatcggcg ctgctgtgag tggcaccctg caaggaacgc tacaaaacag cctgaagttt 4200 
aagctgacag aggatgagct gcctggcttt atccatggct tgacgcatgg cacgttgacc 4260 
ccggcagaac tgttgcaaaa ggggatcgaa catcagatga agcagggcag caaactgacg 4320 
tttagcgtcg atacctcggc aaatctggat ctgcgtgccg gtatcaatct gaacgaagac 4380 
ggcagtaaac caaatggtgt cactgcccgt gtttctgccg ggctaagtgc atcggcaaac 4440 
ctggccgccg gctcgcgtga acgcagcacc acctctggcc agtttggcag cacgacttcg 4500 
gccagcaata accgcccaac cttcctcaac ggggtcggcg cgggtgctaa cctgacggct 4560 
gctttagggg ttgcccattc atctacgcat gaagggaaac cggtcgggat cttcccggca 4620 
tttacctcga ccaatgtttc ggcagcgctg gcgctggata accgtacctc acagagtatc 4680 
agcctggaat tgaagcgcgc ggagccggtg accagcaacg atatcagcga gttgacctcc 4740 
acgctgggaa aacactttaa ggatagcgcc acaacgaaga tgcttgccgc tctcaaagag 4800 
ttagatgacg ctaagcccgc tgaacaactg catattttac agcagcattt cagtgcaaaa 4860 
gatgtcgtcg gtgatgaacg ctacgaggcg gtgcgcaacc tgaaaaaact ggtgatacgt 4920 
caacaggctg cggacagcca cagcatggaa ttaggatctg ccagtcacag cacgacctac 4980 
aataatctgt cgagaataaa taatgacggc attgtcgagc tgctacacaa acatttcga* 5040 
gcggcattac cagcaagcag tgccaaacgt cttggtgaaa tgatgaataa cgatccggca 5100 
. ctgaaagata ttattaagca gctgcaaagt acgccgttca gcagcgccag cgtgtcgatg 5160 
gagctgaaag atggtctgcg tgagcagacg gaaaaagcaa tactggacgg taaggtcggt 5220 
cgtgaagaag tgggagtact tttccaggat cgtaacaact tgcgtgttaa atcggtcagc 5280 
gtcagtcagt ccgtcagcaa aagcgaaggc ttcaataccc cagcgctgtt actggggacg 5340 
agcaacagcg ctgctatgag catggagcgc aacatcggaa ccattaattt taaatacggc 5400 
caggatcaga acaccccacg gcgatttacc ctggagggtg gaatagctca ggctaatccg 5460 
caggtcgcat ctgcgcttac tgatttgaag aaggaagggc tggaaatgaa gagctaa 5517 



<21Q> 8 
<211> 1838 
<212> PUT 

<213> Erwinia amylovora 
<400> 8 

Met Glu Leu Lys Ser Leu Gly Thr Glu Hie hys Ala Ala Val Hie Thr 
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10 



15 I 



Ala Ala His Asn Pro Val Gly His Gly Val Ala Leu Gin Gin Gly Ser 
20 , 25 30 

Ser Ser Ser Ser Pro Gin Asn Ala Ala Ala Ser Leu Ala Ala Glu Gly 
35 «> 45 

I*, Asn Arc, Gly Lys Met Pro Arg lie His Gin Pro Ser Tor Ala Ala 

**- 60 



50 



55 



Asp 
65 



Gly lie Ser Ala Ala His Gin Gin Lya Lys Ser Phe Ser Leu Arg 



70 



75 



ay cys Leu Gly Thr Lys Lys Phe Ser Arg Ser Ala Pro Gin Gly Gin 
• 85 90 95 

Pro Gly Thr Thr His Ser Lys Gly Ala Thr Leu Arg Asp Leu Leu Ala 
100 103 110 

Aap Asp Gly Glu Thr Gin His Glu Ala Ala Ala Pro Asp Ala Ala 



115 



120 



Arg m, Thr Arg Ser Gly Gly Val Lys Arg Arg Aen Met Asp Asp Met 

130 135 140 

Ala Gly Arg Pro Met Val Lys Gly Gly- Ser Gly Glu Asp Lys Val Pro 
145 150 155 



Thr 



Gin Gin Lys Arg His Gin Leu Asn Asn Phe Gly Gin Met Arg Gin 



165 "0 
Thr Met Leu Ser Lys Met Ala His Pro Ala Ser Ala Asn Ala Gly Asp 



180 i85 
Arg Leu Gin His Ser Pro Pro His He Pro Gly Ser His His Glu He 



195 200 
Ly8 Glu Glu Pro Val Gly Ser Thr Ser Lys Ala Thr Thr Ala His Ala 



210 



215 



Asp Arg Val Glu lie Ala Gin Glu Asp Asp Asp Ser Glu Phe Gin Gin 



225 



230 



His Gin Gin Arg Leu Ala Arg Glu Arg Glu Asn Pro Pro Gin Pro 
245 250 

Pro Lys Leu Gly Val Ala Thr Pro lie Ser Ala Arg Phe Gin Pro Lys 

11 
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260 265 



270 



Leu Thr Ala Val Ala Glu Ser Val Leu Glu Gly Thr Asp Thr Thr Gin 
275 280 285 

Ser Pro Leu Lys Pro Gin Ser Met Leu Lys Gly Ser Gly Ala Gly Val 
290 295 300 

Tnr Pro Leu Ala Val Thr Leu Asp Lys Gly Lys Leu Gin Leu Ala Pro 
305 310 315 320 

Asp Asn Pro Pro Ala Leu Asn Thr Leu Leu Lya Gin Thr Leu Gly Lye 
325 330 335 

Asp Thr Gin Eis Tyr Leu Ala His flis Ala Ser Ser Asp Gly Ser Gin 
340 345 350 

His Leu Leu Leu Asp Asn Lys Gly His Leu Phe Asp lie Lys Ser Thr 
355 360 365 

Ala Thr Ser Tyr Ser Val Leu His Asn Ser His Pro Gly Glu lie Lys 
370 375 380 

Gly Lys Leu Ala Gin Ala Gly Thr Gly Ser Val Ser Val Asp Gly Lys 



385 



390 395 400 



Ser Gly Lys He Ser Leu Gly Ser Gly Thr Gin Ser His Asn Lys Thr 
405 415 

Met Leu Ser Gin Pro Gly Glu Ala His Arg Ser Leu Leu Thr Gly lie 
420 425 430 

Trp Gin His Pro Ala Gly Ala Ala Arg Pro Gin Gly Glu Ser He Arg 
435 440 445 

Leu His Asp Asp Lys He His He Leu His Pro Glu Leu Gly Val Trp 
450 455 460 

Gin Ser Ala Asp Lya Asp Thr His Ser Gin Leu Ser Arg Gin Ala Asp 
465 470 475 480 

Gly Lys Leu Tyr Ala Leu Lys Asp Asn Arg Thr Leu Gin Asn Leu Ser 
485 490 495 

Asp Asn Lys Ser Ser Glu Lys Leu Val Asp Lys He Lys Ser Tyr Ser 
500 505 510 

Val Asp Gin Arg Gly Gin Val Ala He Leu Thr Asp Thr Pro Gly Arg 
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515 520 525 

His Lys Met Ser lie Met Pro Ser Leu Asp Ala Ser Pro Gl« Ser His 
530 540 

lie Ser Leu Ser Leu His Phe Ala Asp Ala His Gin Gly Leu Leu His 
545 550 555 



Glu Leu Glu Ala Gin Ser Val Ala He Ser His Gly Arg 
565 



Gly Lys Ser Glu Leu Glu Ala Gin aer vox -~ — - 



I*u Val Val Ala Asp Ser Glu Gly Lys Leu Phe Ser Ala Ala He Pro 



580 



585 



Lys Gin Gly Asp Gly Asn Glu Leu Lys Met Lys Ala Met Pro Gin His 



595 



600 



Ala Leu Asp Glu His Phe Gly His Asp His Gin He Sex Gly Phe Phe 
6X0 «5 62° 

His Asp Asp His Gly Gin Leu Asn Ala Leu Val Lys Asn Asn Phe Arg 
625 630 635 

G ln Gin His Ala Cys Pro Leu Gly Asn Asp His Gin Phe His Pro Gly 
Trp Asn Leu Thr Asp Ala Leu Val He Asp Asn Gin Leu Gly Leu His 



660 



665 



His thr Asn Pro Glu Pro His Glu He Leu Asp Met Gly His Leu Gly 
615 6°° 685 

Ser Leu Ala Leu Gin Glu Gly Lys Leu His Tyr Phe Asp Gin Leu Thr 
690 «95 "0 

Lys Gly Trp Thr Gly Ala Glu Ser Asp Cys Lys Gin Leu Lys Lys Gly 
705 710 

Leu Asp Gly Ala Ala Tyr Leu Leu Lys Asp Gly Glu Val Lys Arg Leu 
725 "0 "5 



Gin Ser Thr Ser Ser He Lys His Gly Thr Glu Asn Val 
,40 ■»« "0 

Phe Ser Leu Pro His Val Arg Asn Lys Pro Glu Pro Gly Asp Ala Leu 



Asn II© Asn 

140 



760 765 



755 

Gin Gly Leu Asn Lys Asp Asp Lys Ala Gin Ala Met Ala Val He Gly 
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770 775 



780 



Val Asn Lys Tyr Leu Ala Leu Thr Glu Lys Gly Asp He Arg Sex Phe 
785 



790 7 95 800 



Gin lie Lys Pro Gly Thr Gin Gin Leu Glu Arg Pro Ala Gin Thr Leu 
805 810 81? 

Sex Arg Glu Gly He Ser Gly Glu Leu Lys Asp He His Val Asp His 
820 825 830 



Lys 



Gin Asn Leu Tyr Ala Leu Thr His Glu Gly Glu Val Phe His Gin 



835 8*° 



845 



Pro 

850 



Arg Glu Ala Trp Gin Asn Gly Ala Glu Ser Ser Ser Trp His Lys 



855 860 



Ala Leu Pro Gin Ser Glu Ser Lys Leu Lys Ser Leu Asp Met Ser 
870 875 880 



Leu 
865 

His Glu His Lys Pro He Ala Thr Phe Glu Asp Gly Ser Gin Hie Gin 
885 8S ? 895 

Leu Lys Ala Gly Gly Trp His Ma Tyr Ala Ala Pro Glu Arg Gly Pro 
900 905 910 

Leu Ala Val Gly Thr Ser Gly Ser Gin Thr Val Phe Asn Arg Leu Met 
9X5 920 925 

Gin Gly Val Lys Gly Lys Val He Pro Gly Ser Gly Lau Thr Val Lys 
930 935 940 



Leu ser Ala Gin Thr Gly Gly Met Thr Gly Ala Glu Gly Arg Lys Val 
945 



950 955 960 



Ser Ser Lys Phe Ser Glu Arg lie Arg Ala Tyr Ala Phe Asn Pro Thr 
965 970 375 

Met Ser Thr Pro Arg Pro He Lys Asn Ala Ala Tyr Ala Thr Gin His 
980 585 "0 

Glv Trp Gin Gly Arg Glu Gly Leu Lys Pro Leu Tyr Glu Met Gin Gly 
Y 995 1000 "OS 

Ua Leu lie Lys Gin Leu Asp Ala His Asn Val Arg His Asn Ala Pro 
1010 1015 1020 

Gin Pro Asp Leu Gin Ser Lys Leu Glu Thr Leu Asp Leu Gly Glu His 
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1025 



1030 1035 . 10*0 



Glv Ala Glu Leu Leu Asn Asp Met Lys Arg Phe Arg Asp Glu Leu Glu 
1045 1050 1° 55 

Gin Ser Ala Thr Arg Ser Val Thr Val Leu Gly Gin His Gin Gly Val 
1060 1065 1070 

Leu Lys Ser Asn Gly Glu He As* Ser Glu Phe Lys Pro Ser Pro Gly 
1075 1080 1085 

Lys Ala Leu Val Gin Ser Phe Asn Val Asn Arg Ser Gly Gin Asp Leu 
1090 1095 1100 

Ser Lys Ser Leu Gin Gin Ala Val His Ala Thr Pro Pro Ser Ala Glu 



1105 



1110 1H5 1120 



Ser Lys Leu Gin Ser Met Leu Gly His Phe Val Ser Ala Gly Val Asp 
1125 H30 1135 

Met Ser Hie Gin Lys Gly Glu He Pro Leu Gly Arg Gin Arg Asp Pro 
1140 11*5 H50 

Asn Asp Lys Thr Ala Leu Thr Lys Ser Arg Leu He Leu Asp Thr Val 
1155 H60 lies 

Thr He Gly Glu Leu His Glu Leu Ala Asp Lys Ala Lys Leu Val Ser 
1170 11^5 H80 

Asp His Lys Pro Asp Ala Asp Gin He Lys Gin Leu Arg Gin Gin Phe 



1185 



1190 1195 1200 



Asp Thr Leu Arg Glu Lys Arg Tyr Glu Ser Asn Pro Val Lys Hla Tyr 
1205 1210 "I 5 

Thr asp Met Gly Phe Thr His Asa lys Ala Leu Glu Ala Asn Tyr Asp 
TnrASF 1220 122 5 1230 

Ala Val Itft> Ala Phe He Asn Ala Phe Lys Lys Glu His His Gly Val 
1235 1240 1245 

Asn Leu Thr Thx Arg Thr Val Leu Glu Ser Gin Gly Ser Ala Glu Leu 
1250 1255 1260 

Ala Lys Lys Leu Lys Asn Thr Leu Leu Ser Leu Asp Ser Gly Glu Ser 
W65 1270 12« 1280 

Met Ser Phe Ser Arg Ser Tyr Gly Gly Gly Val Ser Thr Val Phe Val 
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1285 



1290 1295 



Pro Thr Leu Ser Lya Lys Val Pro Val Pro Val He Pro Gly Ala Gly 
1300 1305 1310 

lie Thr Leu Asp Arg Ala Tyr Asn Leu Ser Phe Ser Arg Thr Ser Gly 
1315 1320 1325 

Gly Leu Asn Val Ser Phe Gly Arg Asp Gly Gly Val Ser Gly Asn lie 
1330 1335 « 40 

Val Ala Thr Gly His Asp Val Met Pro Tyr Met Thr Gly Lys Lya 



Met 

1345 1350 



1355 "60 



Thr Ser Ala Gly Asn Ala Ser Asp Trp Leu Ser Ala Lys His Lys He 
1365 1370 13^5 

Ser Pro Asp Leu Arg lie Gly Ala Ala Val Ser Gly Thr Leu Gin Gly 
1380 1385 "SO 

Thr Leu Gin Asn Ser Leu Lys Phe Lya Leu Thr Glu Asp Glu Leu Pro 
1395 1*00 I* 05 

Glv Phe He His Gly Leu Thr His Gly Thr Leu Thr Pro Ala Glu Leu 
1410 1«15 «20 

Leu Gin Lys Gly He Glu His Gin Met Lye Gin Gly Ser Lye Leu Thr 
1«25 "30 1435 "40 

Phe Ser Val Asp Thr Ser Ala Asn Leu Asp Leu Arg Ala Gly He Asn 
1445 1450 1455 

Leu Asn Glu Asp Gly Ser Lys Pro Asn Gly Val Thr Ala Arg Val Ser 
1460 1465 1470 

Ala Gly Leu Ser Ala Ser Ala Asn Leu Ala Ala Gly Ser Arg Glu Arg 
1475 1480 1485 



Ser Thr Thr Ser 



Gly Gin Phe Gly Ser Thr Thr Ser Ala Ser Asn Asn 
1490 1495 1500 

Arg Pro Thr Phe Leu Asn Gly Val Gly Ala Gly Ala Asn Leu Thr Ala 
iSs 1510 1515 1520 

Ala Leu Gly Val Ala Els Ser Ser Thr His Glu Gly Lys Pro Val Gly 
1525 I s30 1535 

lie Phe Pro Ala Phe Thr Ser Thr Asn Val Ser Ala Ala Leu Ala Leu 
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1540 1545 



1550 



Asp Asn Arg Thr Ser Gin Ser He Ser Leu Glu Leu Lys Arg Ala Glu 
1555 1560 1565 

Val Thr Ser Asn Asp He Ser Glu Leu Thr Ser Thr Leu Gly Lys 



Pro 

1570 



1575 



Hie Phe Lye Asp Ser Ala Thr Thr Lye Met Leu Ala Ala Leu Lys^Glu 
1585 



1590 1S9S 1600 



Leu Asp Asp Ala Lys Pro Ala Glu Gin Leu Hie He Leu Gin Gin His 
1605 1610 1615 

Phe Ser Ala Lye Asp Val Val Gly Asp Glu Arg Tyr Glu Ala Val Arg 
1620 1625 163° 

Aen Leu Lys Lys Leu Val He Arg Gin Gin Ala Ala Asp Ser Hie Ser 
1635 1640 1645 

Met Glu Leu Gly Ser Ala Ser Hie Ser Thr Thr Tyr Asn Asn Leu Ser 
1650 1655 1660 

Arg He Asn Asn Asp Gly He Val Glu Leu Leu His Lys His Phe Asp 
1665 I*™ "IS "SO 



Ala 



Ala Leu Pro Ala Ser Ser Ala Lys Arg Leu Gly Glu Met Met Asn 

1695 



1685 1690 



Asn Asp Pro Ala Leu Lys Asp He He Lys Gin Leu Gin Ser Thr Pro 
1700 1705 "1° 

Phe Ser Ser Ala Ser Val Ser Met Glu Leu Lye Asp Gly Leu Arg Glu 
1715 1720 " 25 

Gin Thr Glu Lys Ala He Leu Asp Gly Lys Val Gly Arg Glu Glu Val 
1730 "35 "«> 

Gly Val Leu Phe Gin Asp Arg Asn Aen Leu Arg Val Lys Ser Val Ser 
17.5 "SO "55 " 60 

Val Ser Gin Ser Val Ser Lys Ser Glu Gly Phe Asn Thr Pro Ala Leu 
1765 "70 " 7S 



Leu Leu Gly Thr Ser Asn Ser Ala Ala Met Ser Met Glu Arg Asn He 
1780 



1785 "9° 



Gly Thr He Asn Phe Lys Tyr Gly Gin Asp Gin Asn Thr Pro Arg Arg 
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X795 



1800 1805 



Phe Thr Leu Glu Gly Gly He Ala Gin Ala Asn Pro Gin Val Ala Ser 
1810 1815 "20 

Ala Leu Thr Asp Leu Lys Lys Glu Gly Leu Glu Met Lys Sex 
1625 1830 183S 



<210> 9 
<211> 420 
•<212> DSA 

<213> Erwinia amylovora 

<400> 9 _ n 
atgacatcgt cacagcagcg ggttgaaagg tttttacagt atttctccgc cgggtgtaaa 60 
acgcccatac atctgaaaga cggggtgtgc gccctgtata acgaacaaga tgaggaggcg 120 
gcggtgctgg aagtaccgca acacagcgac agcctgttac tacactgccg aatcattgag 180 
gctgacccac aaacttcaat aaccctgtat tcgatgctat tacagctgaa ttttgaaatg 240 
gcggccatgc gcggctgttg gctggcgctg gatgaactgc acaacgtgcg tttatgtttt 300 
cagcagtcgc tggagcatct ggatgaagca agttttagcg atatcgttag cggcttcatc 360 
gaacatgcgg cagaagtgcg tgagtatata gcgcaattag acgagagtag cgcggcataa 420 



<210> 10 
<211> 139 
<212> PRT 

<213> Brwlnia amylovora 
<400> 10 

Met Thr Ser Ser Gin Gin Arg Val Glu Arg Phe Leu Gin Tyr Phe Ser 
! 5 10 15 

Ala Gly Cys Lys Thr Pro He His Leu Lys Asp Gly Val Cys Ala Leu 
20 25 30 

Tyr Asn Glu Gin Asp Glu Glu Ala Ala Val Leu Glu Val Pro' Gin Hi a 
35 «0 45 

Ser Asp Sex Leu Leu Leu His Cys Arg He He Glu Ala Asp Pro Gin 
50 55 60 



Thr Ser He Thr Leu Tyr Ser Met Leu Leu Gin Leu Asn Phe Glu Met 
65 



70 75 BO 



Ala Ala Met Arg Gly Cys Trp Leu Ala Leu Asp Glu Leu His Asn Val 
85 90 95 



18 



WO 01/98501 



PCTAJSO 1718820 



tag Leu Cys Phe din Gin Ser leu Glu Hie leu Asp Glu Ala Ser Phe . 
100 105 11° 

Ser Asp He Val Ser Gly Phe He Glu His Ala Ala Glu Val Arg Glu 
115 120 I 25 

Tyr He Ala Gin Leu Asp Glu Ser Ser Ala Ala 
130 135 



<210> 11 
<211> 341 
<212> PRT 

<213> Pseudoanonas syringae 

tot°Gln l Ser Leu Ser Leu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 
1 5 10 15 

Ala Leu val Leu Val Arg Pro Glu Ala Glu Thr Thr Gly Ser Thr Ser 
20 25 30 

Ser Lys Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu Met 
35 40 45 

Arg Asn Gly Gin Leu Asp Asp Ser Ser Pro Leu Gly Lys Leu Leu Ala 
50 S5 60 



Lys Ser Met Ala Ala Asp Gly Lys Ala Gly Gly Gly He Glu Asp Val 
65 



70 IS 80 



lie Ala Ala Leu Asp Lye Leu He His Glu Lys Leu Gly Asp Asn Phe 
85 90 95 

Gly Ala Ser Ala Asp Ser Ala Ser Gly Thr Gly Gin Gin Asp Leu Met 
100 105 H° 

Thr Gin Val Leu Asn Gly Leu Ala Lys Ser Met Leu Asp Asp Leu Leu 
115 120 125 

Thr Lys Gin Asp Gly Gly Thr Ser Phe Ser Glu Asp Asp Met Pro Met 
130 135 "0 

Leu Asn Lys He Ala Gin Phe Met Asp Asp Asn Pro Ala Gin Phe Pro 
145 150 155 160 

Lye Pro Asp Ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn Phe 
165 170 i7S 
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Leu Asp Gly Asp Glu Thr Ala Ala Phe Arg Ser Ala Leu Asp He He 
180 185 

Gly Gin Gin Leu Gly Asn Gin Gin Ser Asp Ala Gly Ser Leu Ala Gly 
195 200 205 

Thr Gly Gly Gly Leu Gly Thr Pro Ser Ser Phe Ser Asn Asn Ser Ser 
210 215 220 

Val Met Gly Asp Pro Leu He Asp Ala Asn Thr Gly Pro Gly Asp Ser 
225 230 235 240 

Gly Asn Thr Arg Gly Glu Ala Gly Gin Leu He Gly Glu Leu He Asp 
245 250 255 

Arg Gly Leu Gin Ser Val Leu Ala Gly Gly Gly Leu Gly Thr Pro Val 
260 265 270 

Asn Thr Pro Gin Thr Gly Thr Ser Ala Asn Gly Gly Gin Ser Ala Gin 
275 280 285 

Asp Leu Asp Gin Leu Leu Gly Gly Leu Leu Leu Lys Gly Leu Glu Ala 
290 295 300 

Thr Leu Lys Asp Ala Gly Gin Thr Gly Thr Asp Val Gin Ser Ser Ala 
305 310 315 320 

Ala Gin He Ala Thr Leu Leu Val Ser Thr Leu Leu Gin Gly Thr Arg 
325 330 335 



Asn Gin Ala Ala Ala 
340 



<210> 12 
<211> 1026 
<212> DHA 

<213> Pseudomonas syringae 
<400> 12 

atgcagagtc tcagtcttaa cagcagctcg 
gtacgtcctg aagccgagac gactggcagt 
gtgaagctgg ccgaggaact gatgcgcaat 
aaactgttgg ccaagtcgat ggccgcagat 
atcgctgcgc tggacaagct gatccatgaa 
gacagcgcct cgggtaccgg acagcaggac 
aagtcgatgc tcgatgatct tctgaccaag 



ctgcaaaccc cggcaatggc ccttgtcctg 60 
acgtcgagca aggcgcttca ggaagttgtc 120 
ggtcaactcg acgacagctc gccattggga 180 
ggcaaggcgg gcggcggtat tgaggatgtc 240 
aagctcggtg acaacttcgg cgcgtctgcg 300 
ctgatgactc aggtgctcaa tggcctggcc 360 
caggatggcg ggacaagctt ctccgaagac 420 
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gatatgccga tgctgaacaa gatcgcgcag ttcatggatg acaatcccgc acagtttccd 480 
aagccggact cgggctcctg ggtgaacgaa ctcaaggaag acaacttcct tgatggogao 540 
gaaacggctg ogttccgttc ggcactcgac atcattggoc agcaactggg ******** 6 °° 
agtgacgctg gcagtctggc agggacgggt ggaggtotgg gcactoogag cagtttttce 660 
aacaactcgt ccgtgatgsg tgatccgctg atcgacgcca ataccggtcc cggtgacage 720 
ggcaataccc gtggtgaagc ggggcaactg atcggcgago ttatcgaccg ™ 
toggtattgg ccggtggtgg actgggcaoa ccogtaaaca ccccgcagac cggtacgtcgr 840 
gcgaatggcg gacagtcogc tcaggatctt gatcagttgc tgggoggctt gctgctcaag 900 
ggcctggagg caacgctcaa ggatgccggg caaacaggoa ccgacgtgoa gtcgagogct 960 
gcgcaaatcg ccaccttgct ggtcagtacg ctgctgcaag goacccgcaa tcaggctgca 1020 
gcctga 



<210> 13 
<211> 1729 
<212> DNA 

<213> Pseudomonas syringae 

t^rtt^go tgattttgaa attggcagat tcatagaaac gttcaggtgt ggaaatcagg 60 
ctcagtgcgc agatttcgtt gataagggtg tggtactggt cattgttggt catttcaagg 120 ■ 
cctctgagtg cggtgcggag caataccagt cttcctgctg gcgtgtgcac »» 
aggcataggc atttcagttc cttgcgttgg ttgggcatat aaaaaaagga acttttaaaa 240 
acagtgoaat gagatgccgg oaaaacggga accggtcgct gogctttgcc actcacttcg 300 
agcaagctca accccaaaca tccacatccc tatcgaacgg acagcgatao ggccacttgc 360 
tctggtaaac cctggagctg gcgtcggtcc aattgcccac ttagcgaggt aaegcagcat 420 
gagcatcggc atcacaoccc ggocgcaaca gaccaccacg ccactcgatt tttcggcgct 480 
aagcggcaag agtcctcaac caaacacgtt cggcgagcag aacactcagc aagcgatcga 540 
cccgagtgca ctgttgttcg gcagcgacac aoagaaagac gtcaacttcg gcacgcccga 600 
cagcaccgtc cagaatccgo aggacgccag caagoccaac gacagccagt ccaacatcgc 660 
taaattgatc agtgcattga tcatgtcgtt gctgcagatg ctcaocaaot ccaataaaaa 720 
gcaggacacc aatcaggaac agcctgatag ccaggctcct ttccagaaca acggcgggct 780 
cggtacaccg tcggccgata gcgggggcgg cggtacacog gatgcgacag gtggcggcgg 840 
cggtgatacg ccaagcgcaa caggcggtgg cggcggtgat actccgaccg caacaggcgg 900 
tggcggcagc ggtggcggcg gcacaccoac tgcaacaggt ggcggcagcg gtggcacacc 960 
cactgcaaca ggcggtggcg agggtggcgt aacaccgcaa atcactccgc agttggcoaa 1020 
ccctaaccgt acctcaggta ctggctcggt gtoggacacc gcaggttcta ccgagcaagc 1080 
cggcaagatc aatgtggtga aagacacoat caaggtcggc gctggcgaag tctttgacgg 1140 
coacggogca accttcactg ccgacaaatc tatgggtaac ggagaccagg gcgaaaatca 1200 
gaagcccatg ttcgagctgg ctgaaggogc tacgttgaag aatgtgaacc tgggtgagaa 1260 
cgaggtcgat ggcatccacg tgaaagccaa aaacgctoag gaagtcaoca ttgacaacgt 1320 
gcatgcccag aacgtcggtg aagacctgat tacggtcaaa ggcgagggag gcgcagcggt 1380 
cactaatctg aacatcaaga acagcagtgc caaaggtgca gacgacaagg ttgtccagct 1440 
caacgccaac actcacttga aaatcgacaa cttcaaggcc gaogatttcg gcaegatggt 1500 
tcgcaccaac ggtggcaago agtttgatga catgagcatc gagctgaaog gcatcgaagc 1SJ0 
taaccacggc aagttcgocc tggtgaaaag cgacagtgac gatctgaagc tggcaaoggg 1620 
caacatcgcc atgacogacg tcaaacacgc ctacgataaa acccaggcat cgaoccaaca 1680 
caccgagctt tgaatccaga caagtagctt gaaaaaaggg ggtggactc 1729 
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<210> 14 
<211> 424 
<212> PKt 

<213> Pseudomonas syringae 

M"°Se"lle Gly He Thr Pro Arg Pro Gin Gin Thr Thr Thr Pro Leu 
1 5 10 15 

Asp Phe Ser Ala Leu Ser Gly Lys Ser Pro Gin Pro Asn Thr Phe Gly 
20 25 30 

Glu Gin Asn Thr Gin Gin Ala .He Asp Pro Ser Ala Leu Leu Phe Gly 
35 40 « 



Ser Asp 
50 



Thr Gin Lys Asp Val Asn Phe Gly Thr Pro Asp Ser Thr Val 



55 60 



Gin Asn Pro Gin Asp Ala Ser Lys Pro Asn Asp Ser Gin Ser Asn lie 



65 



70 -75 80 



Ala Lys Leu He Ser Ala Leu He Met Ser Leu Leu Gin Met Leu Thr 
85 9° 95 

Asn Ser Asn Lys Lys Gin Asp Thr Asn Gin Glu Gin Pro Asp Ser Gin 
100 105 110 

Ala Pro Phe Gin Asn Asn Gly Gly Leu Gly Thr Pro Ser Ala Asp Ser 
US 120 125 

Glv Gly Gly Gly Thr Pro Asp Ala Thr Gly Gly Gly Gly Gly Asp Thr 
130 135 "0 



Pro Ser 
145 



Ala Thr Gly Gly Gly Gly Gly Asp Thr Pro Thr Ala Thr Gly 
150 155 1«0 



Glv Gly Gly Ser Gly Gly Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly 
165 170 175 

Ser Gly Gly Thr Pro Thr Ala Thr Gly Gly Gly Glu Gly Gly Val Thr 
180 185 190 

Pro Gin He Thr Pro Gin Leu Ala Asn Pro Asn Arg Thr Ser Gly Thr 
195 200 205 

Gly Ser Val Ser Asp Thr Ala Gly Ser Thr Glu Gin Ala Gly Lys He 
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210 



215 220 



Asn 
225 



Val Val Lys Asp Thr He Lys Val Gly Ala Gly Glu Val Phe Asp 
230 235 240 



Gly Hie Gly Ala Thr Phe Thr Ala Asp Lys Ser Met Gly Asn Gly Asp 
245 250 255 

Gin Gly Glu Asn Gin Lys Pro Met Phe Glu Leu Ala Glu Gly Ala Thr 



260 



265 



Asn 



Leu Lys Asn Val Asn Leu Gly Glu Asn Glu Val Asp Gly He His Val 
275 280 285 

Lys Ala Lys Asn Ala Gin Glu Val Thr He Asp Asn Val" His Ala Gin 
290 295 3°° 

Val Gly Glu Asp Leu He Thr Val Lys Gly Glu Gly Gly Ala Ala 
305 310 315 320 

Val Thr Asn Leu Asn He Lys Asn Ser Ser Ala Lys Gly Ala Asp Asp 
325 330 335 

Lys Val Val Gin Leu Asn Ala Asn Thr His Leu Lys He Asp Asn Phe 
340 3« 350 

Lys Ala Asp Asp Phe Gly Thr Met Val Arg Thr Asn Gly Gly Lys Gin 
355 360 365 

Phe Asp Asp Met Ser He Glu Leu Asn Gly He Glu Ala Asn His Gly 
370 375 380 

Lys Phe Ala Leu Val Lys Ser Asp Ser Asp Asp Leu Lys Leu Ala Thr 
385 390 395 400 

Gly Asn He Ala Met Thr Asp Val Lys Hie Ala Tyr Asp Lys Thr Gin 
405 410 415 

Ala Ser Thr Gin His Thr Glu Leu 
420 



<210> 15 
<211> 344 
<212> PRT 

<213> Pseudomonas solanacearum 
<400> 15 
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Met Ser Val Gly Asn lie Gin Ser Pro Ser Asn Leu Pro Gly Leu Gin 
1 5 10 IS 

Asn Leu Asn Leu Asn Thr Asn Thr Asn Ser Gin Gin Ser Gly Gin Ser 
20 25 30 

Val Gin Asp Leu lie Lye Gin Val Glu Lye Asp He Leu Asn He He 
35 40 45 

Ala Ala Leu Val Gin Lys Ala Ala Gin Ser Ala Gly Gly Asn Thr Gly 
50 55 60 

Asn Thr Gly Asn Ala Pro Ala Lys Asp Gly Asn Ala Asn Ala Gly Ala 
65 70 75 80 

Asn Asp Pro Ser Lys Asn Asp Pro Ser Lys Ser Gin Ala Pro Gin Ser 
85 90 95 

Ala Asn Lys Thr Gly Asn Val Asp Asp Ala Asn Asn Gin Asp Pro Met 
100 105 11° 

Gin Ala Leu Met Gin Leu Leu Glu Asp Leu Val Lys Leu Leu Lys Ala 
115 120 125 

Ala Leu His Met Gin Gin Pro Gly Gly Asn Asp Lys Gly Asn Gly Val 
130 135 i4 ° 

Gly Gly Ala Asn Gly Ala Lys Gly Ala Gly Gly Gin Gly Gly Leu Ala 
14 5 150 155 1«0 

Glu Ala Leu Gin Glu He Glu Gin He Leu Ala Gin Leu Gly Gly Gly 
165 170 175 

Gly Ala Gly Ala Gly Gly Ala Gly Gly Gly Val Gly Gly Ala Gly Gly 
180 185 190 

Ala Asp Gly Gly Ser Gly Ala Gly Gly Ala Gly Gly Ala Asn Gly Ala 
195 200 205 

Asp Gly Gly Asn Gly Val Asn Gly Asn Gin Ala Asn Gly Pro Gin Asn 
210 215 220 

Ala Gly Asp Val Asn Gly Ala Asn Gly Ala Asp Asp Gly Ser Glu Asp 
225 230 235 240 

Gin Gly Gly Leu Thr Gly Val Leu Gin Lys Leu Met Lys He Leu Asn 
245 250 255 
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Ala Leu Val Gin Met Met Gin Gin Gly Gly Leu Gly Gly Gly Asn Gin ■ 
260 265 270 

Ala Gin Gly Gly Ser Lys Gly Ala Gly Asn Ala Sex Pro Ala Ser Gly 
275 280 285 

Ala Asn Pro Gly Ala Asn Gin Pro Gly Ser Ala Asp Asp Gin Ser Ser 
290 295 300 

Gly Gin Asn Asn Leu Gin Ser Gin He Met Asp Val Val Lys Glu Val 
305 310 315 320 



Val Gin He Leu Gin Gin Met Leu Ala Ala Gin Asn Gly Gly Ser Gin 
325 330 335 



Gin Ser Thr Ser Thr Gin Pro Met 
340 



<210> 16 
<211> 1035 
<212> DMA 

<213> Pseudamonas solanacearum 

<400> X6 _ , n 

atgtcagtcg gaaacatcca gagcccgtcg aacctcccgg gtctgcagaa cctgaacctc 60 

aacaccaaca ccaacagcca gcaatcgggc cagtccgtgc aagacctgat caagcaggtc 120 
gagaaggaca tcctcaacat catcgcagcc ctcgtgcaga aggccgcaca gtcggcgggc 180.. 
ggcaacaccg gtaacaccgg caacgcgccg gcgaaggacg gcaatgccaa cgcgggcgcc 240 
aacgacccga gcaagaacga cccgagcaag agccaggctc cgcagtcggc caacaagacc 300 
ggcaacgtcg acgacgccaa caaccaggat ccgatgcaag cgctgatgca gctgctggaa 360 
gacctggtga agctgctgaa ggcggccctg cacatgcagc agcccggcgg caatgacaag 420 
ggcaacggcg tgggcggtgc caacggcgcc aagggtgccg gcggccaggg cggcctggcc 480 
gaagcgctgc aggagatcga gcagatcctc gcccagctcg gcggcggcgg tgctggcgcc 540 
ggcggcgcgg gtggcggtgt cggcggtgct ggtggcgcgg atggcggctc cggtgcgggt 600 
ggcgcaggcg gtgcgaacgg cgccgacggc ggcaatggcg tgaacggcaa ccaggcgaac 660 
ggcccgcaga acgcaggcga tgtcaacggt gccaacggcg cggatgacgg cagcgaagac 720 
cagggcggcc tcaccggcgt gctgcaaaag ctgatgaaga tcctgaacgc gctggtgcag 780 
atgatgcagc aaggcggcct cggcggcggc aaccaggcgc agggcggctc gaagggtgcc 840 
ggcaacgcct cgccggcttc cggcgcgaac ccgggcgcga accagcccgg ttcggcggat 900 
gatcaatcgt ccggccagaa caatctgcaa tcccagatca tggatgtggt gaaggaggtc 960 
gtccagatcc tgcagcagat gctggcggcg cagaacggcg gcagccagca gtccacrfrcg 1020 
acgcagccga tgtaa 



<210> 17 
<211> 10 
<212> PRT 
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<213> xanthomonas campestris 
<400> 17 

Met Asp Gly He Gly Asn His Phe Ser Asn 



<210> 18 
<211> 20 
<212> PRT 

<213> Xanthomonas campestris pv. polar gonii 

ieTse^Gln Gin Ser Pro Sax Ala GXy Ser Glu Gin Gin Leu Asp Gin 
1 

Leu I*eu Ala Met 
20 



5 10 15 
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HARPIN FROM ERWIN1A AMYLOVORA INDUCES PLANT RESISTANCE 



Z.-M. Wei and S. V. Beer 
Department of Plant Pathology 
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Ithaca, NY 14853 
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Plants have evolved a complex array of biochemical pathways that enable them to 
recognize and respond to signals from the environment A common form of plant 
resistance is the restriction of pathogen proliferation to a small zone surrounding the site 
of infection. Typically this restriction is^accompanied by localized necrosis. In addition 
to local defense response, plants also respond to infection by activating defenses In 
uninfected parts of the plant, which result in resistance of the plant to secondary 
infection (Dean and Kuc. 1985). Collectively, this phenomenon of induced resistance 
is called systemic acquired resistance (SAR). SAR reduces the severity of disease 
caused by all classes of pathogens and it can persist for several weeks or longer. SAR 
can be induced by abiotic agents, such as salicylic acid as well as biotic agents, such 
as virulent and avirulent pathogens (Dean and Kuc, 1985; Maiamy eta!.. 1990). Salicylic 
acid is believed to play a signal function in the induction of SAR since endogenous levels 
of salicylic acid increase after Immunization" with an incompatible pathogen. However 
at present little is known about the signal transduction pathways activated dunng 
responses of a plant to attack by a pathogen, although this knowledge is central to 
understanding disease susceptibility and resistance. ^ 4 

ErwinJa amyiovora is an often devastating plant pathogenic bactenum that causes 
the fire blight disease of pear, apple and many other rosaceous plants. In non-host 
niants. £ amyiovora elicits the hypersensitive response (HR), which is characterized Dy 
' a rapid localized death of tissues infiltrated with high concentrations of bactenal cells 
(>10 7 cfu/ml) (Klement, 1982). hrp genes are essential for £ amytovvrajo cause 
disease in host plants and to elicit tire HR in non-host plants (Beer et a/., t991). Hajpln 
is a heat-stable, glycine-rich, secreted protein with molecular mass of 37 KD. It is 
encoded by hrpNoi £. amyiovora (Wei eta}.. 1992). When infiltrated into intercellular 
spaces, harpin elicits the HR in many plants including tobacco, pepper, sunflower, 
tomato cabbage, arabidopsis, cucumber, geranium, watermelon and lettuce. 

The HR is believed to be associated with plant defense against pathogens. Hence, 
we reasoned that harpirwnduced HR may induce plant resistance. We tested harpm- 
induced resistance in more than seven different plants against eight diseases caused 
bv fungi, bacteria and viruses. All tested plants showed some resistance -Here we 
^nrij yjrience of harpin-induced resistance to three dise ases, southern bactenal wilt 
"oftornatoTtobacco mosaic vims and Gliocladium leaf spot of cucumber. 

Harpin-induced resistance in tomato against southern bacterial wilt caused 
by Pseudomonas solanacearum. 

100 Ail of a cell suspension of ca, 10 8 cfu/ml of Escherichia coii DH5ot(pCPP430) 
or 100 ul of a 200 pg/ml crude harpin preparations were infiltrated into portions of the 
two lower true leaves of two-week-old tomato seedlings grown in 8 x 15 cm flats In the 
qreenhouse. Twenty plants were used for each treatment Necrosis was evident 24 
hotffs after infiltration of harpin or £ co//DH5a(pCPP430), which produces and secretes 
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harpin Four days afterthe tomato seedlings had been treated with harpin or bacteria, 
they were inoculated with P. sotanacearum. K60 (10 7 cfu/ml) by toot dipping tof>tr>ree 
minutes. The inoculated plants were replanted into the same flats and left in a 
greenhouse. None of the 20 harpin-infittrated plants showed any symptoms one week 
after inoculation with P. sotanacearum K60. However, seven of the 20 buffer-infiltrated 
rrfants were stunted. After two weeks, 11 buffer-infiltrated plants showed severe witting 
and five were stunted, characteristics of tie southern bacterial wilt disease. In 
comparison, only two harpin-treated plants appeared wilted and three plants were 
stunted Similar induced resistance was observed following infiltration of Irving bacteria 
E co/fDH5a(pCPP430), but not by £. coli DH5a(pCPP43rj). which is a r^in-defiaent 
mutant created by transposon Tn5fac insertion into the nrp/V gene. These resute 
indicate that harpin, which is produced and secreted by hip gene cluster of c. 
amytovora, is responsible for the induced-resistance realized. 

Harpln-induced resistance in tobacco to tobacco mosaic virus (TMV) 
One panel of a lower leaf of four-week-old tobacco seedlings (Nicotians tabacum 
i -XanthT with N gene) was infiltrated with 100 ul of a 200 ug/ml crude harpin 
preparation in 5 mM phosphate buffer. Three days later, the plants were m^ngM 
with TMV Fifty pi of a suspension of TMV (5 ug/ml) was rubbed on one upper leaf with 
400-mesh carborundum. Six plants were used tor each treatment Necrotic lesions 
appeared on inoculated leaves of both harpin- and buffer-treated plants-* te^aiter 
inoculation. The average number of necrotic lesions from the six harpin-treated plants 
was 21 which was significantly less than the 67 lesion average that developed on sbc 
buffer-treated plants. More importantly, the size of the lesions on buff er-treated plants 
was larger than those on the harpin-treated plants. Actually, it was difficult to d^ngujsh 
individual lesions on the buffer-treated plants by day 10. because several necrotic 
lesions had merged. 

Harpln-induced resistance against Gllocladlum leaf spot of cucumber 

Harpin or a cell suspension of E. con DH5a(pCPP430) was infiltrated into first two 
true leaves of twoweek-old cucumber seedlings. Six plants were infiltrated fo^each 
treatment Four days after infiltration of harpin. a Gliodadium cucurbUaa spore 
suspension (10* spores/ml) was sprayed onto the whole plants. The inoculated plants 
were incubated in a moisture chamber. Ten days after the inoculation. tVP^^lfP** 
appeared. A mean of six lesions was present on the lowest leaves of sk r^rpirvtteated 
olarrts but 32 lesions formed on the same leaves of the six buffer-treated plants. On 
tte third lowest leaves, the difference in disease severity was even greater; mere were 
virtually no lesions on harpin-treated plants, however, more than ^ e ™™™™*£™* 
on tnebuffer-treated plants. Later, most of the diseased leaves on buffer-treated plants 

Wmed Th?exa^pl6s outlined above show that harpin is able to induce resistance in 
different plants against bacterial, viral and fungal pathogens. Although roech^ms of 
harpin-induced resistance are unknown, some of our preliminary f^"™?*!^ 
shownlhat harpin may act as an elicitor of salicylic acid induction. wNchjs believed to 
be involved in SAR (Malamy etal.. 1990). Unlike some host^peafic eltators (Keener 
at 1990). harpin is able to elicitthe HR on a broad rangaof plants, Th^ ^^ect 
that harpin-induced resistance can be achieved in many plants either by manipulation 
of harpin exogenously or by harpin-mediated transgenic plants. 
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Our studies of harpin-induced resistance are just beginning and we need to learn 
more to understand the exerting features of this phenomenom. For example, what is the 
minimal amount of harpin needed to induce plant resistance and how long does the 
resistance persist, and what mechanisms are involved in haipirwnduced resistance? 
We expect that harpin as a novel molecule will piay an important rote in dissecting the 
signal transduction pathways of induced-resistance in plants, and perhaps also in 
practical disease control. 
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Induction of systemic acquired resistance in cucumber by 
Pseudornonas syringae pv. syringae 61 HrpZ Pss protein 
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2 M$U-DOE Plant Research Laboratory, Michigan State 
University, Bast Lansing, Ml 48824-MZ USA 

Summary 

Systemic acquired resistance (SARI b an Inducers pint 
defense response and is effective against a breed spectrum 
of pathogens. Biological Induction of SAR usually follows 
plant ceB death resulting from the plant hypersensitive 
response (HR) elicited by en avirulent pathogen or from 
djseaae fieffosie caused by a vinilerrt petho 
Hon of the HR and disease necroses by parthogenk bacteria 
b controlled by hrp genes. Previously, It was shown that 
the Psaudomooas syringae 61 (Pss61) rhpZr» protein 
{formally harpbW eBdted the HR In plants. In this study, 
h Is shown that HrpZ*. induced SAR bi cucumber to 
diverse pathogen*. Including the anthrecnose fungus 
[Conetotrichurn tagenarhmil. tobacco necrosis virus and 
the bacterial angular leaf spot bacterium (R * J» 
lachrymansl, A hrpH mutant of PssSI, which is defective 
in the secretion of KrpZp» and, possibly, other protein 
eBcitora, failed to elicit SAR Pathogenesrs-telated (PR) 
proteins, including peroxidase, p-glucanase and chWnaees, 
were induced In cucumber plants Inoculated with PssSI, 
C lagenarium or HrpZf» w . The Induction patterns of PR 
protean by HrpZfe, and Pss61 were the same, but wars 
different from that induced by C togenarium. Uiteiestingfy, 
the hrpH mutant induced two of the three Identified PR 
proteais, despite Its faflure to Induce SAR. These results 
suggest that proteinaceous alicHors, such as HrpZa^ the* 
traverse -the bacterial Hrp secretion pathway are Involved 
In the biological induction off SAR and that art least soma 
PR proteins can be Induced by bacterial factors that are 
net conn-oued by hrp genes. 

introducboQ 

Localized infection of plants by necrotizing pathogens can 
result in systemic acquired resistance (SAR) to disease, 
which persists for weeks to months and is effective against 
diverse pathogens including fungi, bacteria, and necrotb- 
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ing viruses IKuc. 1982; Ross, 1981). Biological induction of 
SAR is usually associated with prior plant cell death during 
the hypersensitive response (HR) or diseese necrosis trig- 
gered by avirulent or virulent pathogens, respectively 
(Cameron et at, 1994; Kuc 1982; Ross, 1961; Uknea et aL, 
1993). Certain synthetic chemicals* such as salicylic add 
(SA) and 2^-dlchloroisonfcotinic acid (IN A), also can be 
very effective in the induction of SAR when applied to 
plants (Metraux ex aL, 1991; White, 1979). The induction of 
SAR in cucumber plants by an avirulent bacterial pathogen, 
Pseudornonas syringae pv. syringae, appears to be depen- 
dent on bacterial hrp genes that are required for many 
plant pathogenic bacteria to elicit the HR in non-host plants 
or to cause disease in host plants (Smhh et aL, 1991). The 
HR is a complex plant resistance reaction which involves 
local plant cell death and restriction of pathogens to the 
site of their introduction (Klement, 1982). 

Recent studies have shown that most Hrp proteins are 
involved in the assembly off a type 81 protein secretion 
pathway (the Hrp pathway) through which bacterial patho* 
genesis-related proteins trav erse to the extracellular milieu 
to initiate various piant-bacterial interactions (Fertselau, 
1992; Huong et aL, 1992, 1995; Van Gijeegem et aL. 1995). 
One family of such proteins that have been identified 
are heat-stable, grycine-rich proteins: harpin of Erurinla 
amyiovora (Wei et aL, 1992), HrpZp,. (formally harpirtpj 
of P. s. pv. syringae 61 (Pss61) (He et aL, 1993) and PopA 
of R solanacearum (Ariel et al^ 1994). Harpins and PopA 
were shown to elicit the HR when infBtrated Into the leaf 
laminae of appropriate plants (Ariat at aL, 1994; He et at* 
1993; Wei et aL 1992), to Induce exchange of H + and K + 
(the W) across the plasmalemma (Wei ataL, 1992), and 
to generate active oxygen species (Baker et aL, 1993) when 
added to plant cell cultures, which are all properties of the 
HR elicited by live bacteria. 

As part of our Investigation into plant responses to P, 
syringae extracellular proteins under the control of the Hrp 
reg ulatory/secretion system, we studied the invorvement 
of HrpZpu In the biological induction of SAR by R a, pv. 
syringae 61. In this paper we describe the experimental 
results showing that HrpZp*,, as well as the bacterium 
(Pss61) that produces It efficiently induced SAR In cucum- 
ber to diverse pathogens, including a fungus (Cotfeto- 
trichum tagenariurn), a bacterium (P. a. pv. lachrymana) 
and a local lesion-forming virus (tobacco necrosis virus). 
The hrpH mutant, which Is defective m the secretion 
of HrpZp» failed to induce SAR. Multiple pathogenesls- 
related (PR) proteins were detected in cucumber plants 
treated witri HrpZpu, Pss61 end Cllagenarium. The efficacy 
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of SAB induction, resistance spectrum and patterns of PR 
protein induction were very similar In plants treated with 
HrpZfH, and Pss61. Interestingly, the PR protein patterns 
induced by HrpZp* and Pss81 were somewhat different 
from that induced by C lagenarium. The hrpH mutant 
though unable to induce SAR, efficiently induced some of 
the well-characterized PR proteins. These results suggest 
that the biological induction of SAR by P. syringae b 
dependent on the bacterial proteins (such as HrpZfJ which 
traverse the Hrp secretion pathway and that at least some 
PR-proteins can be induced by bacterial factors other than 
Hrp-controlled extracellular proteins. 

Results 

Symptoms on cucumber leaves treated with SAR 
Inducers 

Treatment of leaves with spores of C lagenarium (a viru- 
lent necrogenic pathogen of cucumber) resulted m the 
development of symptoms typically obtained with the 
fungus in cucumber: infiltrated areas were asymptomatic 
for 3-4 days, after which time tissues began to collapse 
and become necrotic Lesions continued to expand for 
several days and developed a tan to brown pigmentation. 
Symptoms induced by treatments with Pss61 (an avirutent 
MR necrosis-inducing pathogen) and HrpZp» varied with 
environmental conditions in the greenhouse. Under high 
levels of natural light. Pss61 and HrpZfss triggered the HR 
within 24 and 48 h f respectively, after infiltration. The HR 
was restricted to infiltrated areas and did not expand as 
did the necroses caused by C lagenarium* Under lower 
natural light levels (cloudy days), tissues infiltrated with 
Pss61 or HrpZp,, developed a weaker HR characterized by 
increasing chlorosis over a 3-5 day period, then necroses 
developed gradually and irregularly, despite supplemental 
illumination with sodium lamps. Infiltration with hrpH 
(which is defective in the secretion of HrpZp«. He et aL 
1993) caused either no symptoms or a very mild chlorosis 
under all conditions tested. Infiltration with buffer atone 
caused only a small ring of white necrosis resulting from 
mechanical damage caused by pressure of the pipette ' 
mouth against the leaf. Interest3ngly, Infiltration with B. 
amylovora harpin protein, which was prepared from 
DH5a(pCPP50) (He etsL 1994) and which induced a strong 
HR in tobacco leaves, did not induce HR necrosis In 
cucumber leaves (data not shown). 

SAA to C lagenarium 

We first tested to see whether HrpZes. alone could induce 
SAR to a well-studied fungal pathogen of cucumber, C 
lagenarium. As shown in Table 1, HrpZp*. treatment 
induced SAR comparable to that induced by C lagenarium 



(approximately 90% reduction in total necrotic area relative 
to buffer-treated controls) in two upper leaves which 
expanded subsequent to induction treatment The degrees 
of SAR induced by HrpZp», Pss61, Pss6 VhrpH and C. 
lagenarium in cucumber were subsequently compared. 
Under conditions conducive to HR development in the 
greenhouse (high levels of natural light due to sunny 
weather) both HrpZp» and Pss61 efficiently induced SAR 
in Leaf 2 and Leaf 3 (Table 2 and Figure la end b). SAR 
was expressed as a reduction in both the number and 
diameter of necrotic lesions resulting from challenge with 
C. lagenarium. Protection of Leaf 2 was comparable to that 
induced by C lagenarium, whereas protection in Leaf 3 
was weaker than that induced by the fungus. Under the 
conditions of this experiment, expansion of Leal 2 and 
Leaf 3 occurred after the onset of the HR and necrosis 
incited by C lagenarium Infiltration. Leaf 2 was fully 
expanded prior to challenge-inoculation, whereas Leaf 3 
was not The hrpH mutant did not induce SAR (Table 2). 
The quality and/or quantity of light profoundly influenced 
the induction of both the HR and SAR in cucumber by 
Pss61 and HrpZpn in the greenhouse. When a similar 
experiment was conducted under conditions non-con- 
ducive to HR development (low levels of natural light on 
cloudy days), neither Pss61 nor HrpZ**. induced the HR or 
SAR, although C lagenarium Incited necrotic lesions on 
Leaf 1 and induced SAR under these conditions (data 
not shown). 

SAB to TNV 

We next examined whether HrpZp„-induced SAR would 
be effective against a viral pathogen. In two initial experi- 
ments, the abilities of HrpZp,, and C lagenarium to induce 
SAR toTNV were compared. HrpZp^ elicited a normal HR 
in these experiments and inducecVSAR to TNV local lesion 
formation comparable to that Induced by C lagenarium 
(Table 3 and Figure 1c and d). We then compared the 
abilities of HrpZp,* Pss61, hrpH. and C lagenarium to 
induce SAR to TNV. Under high light conditions, HrpZ^ 
and Pss61 elicited a normal HR and induced SAR which 
restricted local lesion formation by TNV to an extent similar 
to that of SAR induced by C lagenarium. The percentage 
of lesion number reduction was 68% for Ps$61, 67.1% lor 
HrpZpte, and 755% for C lagenarium (Table 3). Under low 
natural light conditions unfavorable for HR development 
(see Experimental procedures), HrpZp» and PssST elkated 
a weaker degree of SAR relative to that induced by C 
lagenarium. The percentage of lesion number reduction 
was 443% for Pss61, 46.7% for HrpZp^ and 89.6% tor C 
lagenarium (Table 3>- The lesion numbers observed In 
these independent experiments varied greatly, mainly due 
to the use of different TNV inoculum preparations. TNV 
inoculum was prepared freshly each time from cucumber 
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leaves bearing TNV lesions. In exper^ent ^ the hrpH 
mutant induced a low level of SAR to TNV (Table 3). 

SAR to P. syringae lacrymans 

Hip**, and C Iagenarium also induced SAR to the angular 
ieaf^t bacterium. P. s. pv. iacrymans. For thesejwp^ 
ments. cucumber plants were c^anenge^ novated « 11 
days (by spraying) or 17 days <by rubbing) after treatment 
of Leaf 1 CTable 4). Although C iagenarium was a more 
effective treatment HrpZ^ also induced aignrficant levels 
of SAR to the bacterium, reducing necrotic l^^umbera 
by 32 and 75%, compared whh 50 end86% for C 
Iagenarium. in the two experiments, respectively. 

Induction of P8 proteins 

PR proteins that accumulated in treated cucumber plants 
were first analyzed using native ^ C ^ U ™ ^ 
ohoresis (PAGE). All treatments (C. tagenanum. PssSI ana 
HrpZpJ that induced SAR also Induced ^ acc^utation 
oMhree PR protein bands (tentatrvehr ™J^^ 
and PR-C) (Figure 2a). C tagenanum induced PR-C, but not 



PR-A and PR-B. in systemic leaves, while Pss61 snd HrpZ^ 
induced PB-B, but not PR-A and PR-C, in systemic leaves. 
Treatment with buffer or hrpH mutant did not induce these 
particular PR protein bands to- levels mat would allow 
visual idemiftcation. To see whether any PR proteins with 
known functions were induced in these plants, protein 
extracts were analyzed using native PAGE counted with 
enzyme (chWnase. peroxidase and p-giucanase) activity 
staining. As shown in Figure 3(b), all three enzymes were 
induced in plants treated with HrpZp^ Pss61 or C iagen- 
arium in both local (treated) and systemic leaves, although 
Induction of chWnase isoforrna by PssSI and HrpZp» In 
systemic leaves was variable and lev* The enzyme activities 
were substantially higher In local leaves than in systemic 
leaves. Surprisingly, although the hrpH mutant bacterium 
failed to Induce SAR, ft efficiently induced peroxidase and 
chHinase, especially in treated leaves (Figure 2b). Only 
p-glucanase was not found to be induced to high levels In 
the nroH-treated plants (Figure 2b). ft fa Interesting to 
note that PR protein levels induced by various treatments 
correlated well with degrees of SAR induced by the same 
treatments (C iagenarium >HrpZp»=Pss61>rt/pH> or - 
buffer). 



J^TT^r^dtn footnotes to Table 1. After 7 day* Uwrf 3 was craQenged by mechanical inoculation with a TNV auapens.on prepaid <rom effect* 
cucumber leaver Ofceete was allowed to develop for 9 day*,when the pteun ww Ukan. 



Induction of the pr-1 pens and SA/? in fobacco 

HrpZpo elso induced SAR to tobacco mosaic virus (TMV) 
in tobacco (Table 5). The SAR level induced by HrpZp» was 
less than that induced by TMV. This was consistent with 
the different levels of induction of the pr-1 gene by HrpZpt* 
end TMV {Figure 3). TMV-inoculated local leaves <the third 
and fourth true leaves) also showed more necrosis than 
those infiltrated with HrpZp„ {data not shown), which may 



be partly responsible for the different levels of SAR and 
pr-1 expression in TMV* and HrpZp„-induced plants. 



Discussion 

In this study, we show that HrpZpn. a bacterial hrp gene 
product secreted via the Hrp pathway of P. a. pv. syringae, 
induced SAR in cucumber and tobacco. In cucumber* the 
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T.M.3. induction of .ysttmlc quired ^htance toTWVm cucumber by ^Hmutent H ngp- P«61 «nd <X tegewriun, 

Number of TNV necrotic local lesions 



Treatment 



Experiment 1 



Experiment 



Experiment 3 



Experiment 4 



Buffer 
hrpH 

Ps*81 

C legemrivm 



28.7*33 
30±16jB 



47-2±0j9* 



730JO±63# 
556JD±S34 
24(U±27.5 
239 At 59.7 
17&8:i2&* 



342*±34*» 
320±1t2 

189**41* 
35J8±4JB 



-Mean*SEof three replicate .plants per ^^^^^^^^ days, leaf 3 was challenged by 

tS^^. 2 £o under high lave** nature! 1*ht during induction periods. 

Experiment 4 wa* performed on cloudy days. 



Table 4. Induction of systemic acquired resistance to P. syring** 
pv. tocrymeneby HrpZpw end C toge/iariurn I 

Number of necrotic lesions* 



Treatment * Inoculated by rubbing Inoculated by spraying 



Buffer 
HrpZr* 

C lagansHum 



244£±34Jt 
122j8*&8 



13,8£t.7 
83*2.1 



•Mean -SE of five replicate plants per treatment. . 
Leaf 1 of young plants was Infmrated wrm treatmerita ae deecrfo^ 
See of Table 1. teaf 5 was challenged by rubbrn^ 
by™ eying the absxUl leaf surface with a ™*pe^cjbac^ 
crila <Oa™-0A 17 days after Induction; or OQsob-0.1. 11 days 
^^c^n.spe^rvelyl. Disease 

for 7 or 13 daya In rub-inoculated or apray4nocuteted plant*, 
respectively* 

efficacy against fungal viral and bacteria! pathogen* and 
persistence <for at least 17 days, in the bacterial challenge 
experiments) of HrpZ^nnduced SAR is comparable to that 
induced by the bacterium (Pss*1) that produces HrpZe»- 
The oegree of SAR Induced In cucumber by HrpZp* was 
also comparable to that Induced by a welr^udled bio- 
logical inducer of SAR, C tsgenarium <Kuc and Richmond, 
1S77). The hrpH mutant of P. a. pv. syringae, which Is 
defective In the secretion of HrpZp„ and other protrfiv 
aceous pathogenfcity factors (He etal.. 1993; Huang « f at, 
1992; Yuan at bL in preparation), failed to Induce SAR m 
cucumber. The induced PR protein patterns were the same 
in cucumber plants treated with Pss61 and HrpZp», out 
were different from that in C tagenariumtnstet plants. 
Moreover, the hrpH mutant although unable to Induce 
SAR, efficiently induced at least two wel^ractaraed 
PR proteins, chWnase and peroxidase (Figure 2b). These 
results suggest that the biological induction of SAR and 
PR proteins by P. s. pv. syringae 61 In the non-host plant, 
cucumber, is dependent on the production and secretion 
of proteinaceous eliritors of the HR, such as HrpZp^ but 



that at feast some PR proteins can be induced by bacterial 
molecules independent of hrp gene functions. 

The efficacy of both HrpZp* and PssSt as Inducers of 
SAR in cucumber appeared to be contingent upon their 
ability to elicit a normal HR, as low levels of natural Bgfrt 
during the induction period, which Interfered wtth HH 
development, resulted in reduced SAR to TNV and no SAR 
to C lagensiium CTable 3; Strobel and He, unpublished 
work). The negative effect of low fight Weary resulted from 
an effect on HR development rather than upon the plant's 
capacity to express SAR because C lagenirium formed 
necrotic lesions typical of this compatible pathogen on 
Leaf i (the inducer leaf) and triggered SAR under these 
same conditions. The profound effect of fight on the 
development of the HR has been observed previously 
(Sequetra, 1979), although the underlying mechanism 
remains to be determined. The dependence of the induction 
of SAR on the HR is further suggested by our observations 
that the hrpH mutant of Pss81, which produces but does 
not secrete HR eUcHors (He at a*; 1993), did not elicit the 
HR or induce SAR In cucumber. furthermore, £ amytovor* 
harpin, another HR elicrtor which is structurally different 
from HrpZp„ and whteh elicited a strong HR In tobacco, 
did not induce an HR or SAR in cucumber plants (Strobe! 
and He, unpublished observation). In conclusion, there 
appears to be a tight linkage between HR development 
and induction of SAR in plants by avirulent bacteria. 

The tight linkage between the HR and SAR suggests that 
the signaHs) for the induction of SAR by HrpZp* and P. a 
pv. syringae €1 likely comes from dying plant ceils and/or 
cells immediately adjacent to the dying ceils during the 
HR. What types of cell death would lead to the induction 
of SAR? tt has been shown that the HR triggered by five 
bacteria (Keen et a/. 1981); WrpZp* (He et *L 1993) or E 
smflovora harpin (He at aL 1994) involves an active ceU 
death pathway. Does the mean that only cells undergoing 
active cell death give rise to signals for SAR? The answer 
to this Is probably not simple. SAR and PR proteins can 
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(a) 



2 3 4 5 6 7 8 9 10 




(b) 



| 2 3 4 5 6 7 8 9 10 



teat* «- 



Table 5. Induction of systemic acquired resistance to TMV by 



Diameter of necrotic lesions* 


Buffer 


4.41-0.05 


HrpZp^ 


3J05±0.Q3 


TMV 


, 234±0.03 



•Mean s SE of 100 lesions per trea tm en t. 
The third and fourth true leaves of 6-week-oW tobacco plants were 
inoculated with TMV {100-150 lesions per leaf), or infiltrated with 
120 tig mi- 1 herpinp» or 5 mM MgS0 4 at 10 she* (S0|it per site). 
Five days later the seventh and eighth true leaves were challenge- 
inoculated with TMV. The diameter* of TMV lesions on the 
challenged leaves were recorded. 



bcu-glucanuc — * 



1 23456789 10 




Hflum* PR l>rot«in accumulation^ . 

Sg£ U) end PAGE coupled with acSVIty «iining Ori analyse* of protein 
extract* fror« treated 0ane«1-^^ 

ft. 8. and 1»- Tha treatment* wtri buHer (lanes 1 and 2h C taoanarium 
Manet 3 and 4), P«a61 flenes 6 and 8). MrpZ*. Oanee 7 and » and the fcrptf 
mutant Uane* 9 and 10). PR-A PB-« and PR-C «re tentative nam« for the 
thn,, pr proteins observed in these experiments. The identities of these 
pfl proteins ant unknovm. 

be induced not only by HR-eHcrung avirulent pathogens, 
but also by necrosis-causing virulent pathogens. For 
example, P. s. pv. lacfymans end C lagensrium can effici- 
ently induce SAR end/or PR proteins in the susceptible 
host plant cucumber IKuc and Richmond, 1977; Smith 
et at, 1991; this study). Unless cell death during the HR 
and some diseases shares the same biochemical processes, 
which b possible, the ability of both virulent and avirulent 
pathogens to induce SAR argues for multiple cell death 
pathways in the induction of SAR. On the other hand, not 
all types of plant cell death induce SAR. For example, 
celt death due to mechanical wounding or resulting from 
certain plant mutations does not induce SAR {Dietrich at a/* 
1994). It would be important in the future to learn why 
certain cell death processes, but not others, lead to SAR. 
Endogenous signaling molecules, such as salicylic acid 
end H2O2, have been shown or suggested to be involved 
in the induction of SAR (Chen ef aL 1993; Gatfney at aL 
1993; Malamy at aL 1990; Metraux est at. 1990; Rasmussen 
et aL 199^- However, the mechanism(s) by which various 
biological inducers of SAR generate these signals and the 
identity of the actual systemic signaUs) translocated from 
the induced leaves to distant leaves remain to be deter- 




pM 



rRNA 



Rpure 3. Induction of the pM oene In tobacco leaves. 
Total BNA was Isolated from systemic leaves (the ninth true l eaves ) of 
plants treated with buffer done 11. TMV Oane 2). or Hn>2f*» (tone 3) S days 
post-induction. A PCR-empfifiad interna! fragment of the tobacco pM oane 
was labeled with le-^PIdATP end used aa a probe. The largest rflNA 
species visualized after staining vitth etrecSuni bromide was used as 



mined. Also, It has not been unequrvocalh/ shown that call 
death ts necessary for the Induction of SAR. 

It is interesting to observe that although C tagenarium (a 
necrotizing pathogen of cucumber), Pss61 (an HR-elteWng 
bacterium on cucumber) and HrpZp*, (an HR*etic3tina 
protein) all induced SAR in cucumber plants, there were 
some differences in the induction of PR proteins by these 
pathogens/protein. While C lagenarium, Pss61 and HipZp** 
all induced PR- A, PR-B and PR-C in the inoculated leaves, 
only C lagensrium induced PR-C in systemic leaves to a 
high level (visible on a PAGE gel). In contrast, PR-B was 
induced in systemic leaves to high levels only by HrpZp** 
and PasOt. The induction patterns of PR-A, PR-B. PR-C 
chrtinase. peroxidase and ^glucanase were the same for 
PssSI and HrpZp*, suggesting that HrpZp*, either Is a 
major inducer of SAR in Pss81 or Is representative of 
SAR inducers produced by Pss61. The differences In the 
induction of PR proteins by C lagenarium and Pss6V 
HrpZps, may have resulted from different inducers pro- 
duced by C. lagenarium and Ps^l/HrpZp^, respectively. 
Alternatively, the differences may reflect possible median- 
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istic differences of plant cell death resulting from the HR 
caused by Pss61 or HrpZp„ and disease necrosis caused 
by C tegenarium. respectively, although both types of cell 
death efficiently trigger SAR in cucumber. 

In this study* 80-160 pg ml* 1 purified HrpZf*, were used 
tor induction of SAR. HrpZp^ at these concentrations 
consistently elicited both HR and SAR in cucumber and 
tobacco leaves. It is not known whether these concentra- 
tions are comparable to the in vivo amounts of HrpZpo 
secreted by Pss61. Nor is tt known whether the relative 
activity of purified HrpZp« is comparable to that of HrpZ*, 
produced by Pss61 In plants. Previously, H was shown that 
Pss61 hrpZ mutants carrying transposon-lrtduced 
mutations in the h/p? gene (complementation group XII) 
were defective in the eRcitation of HR (Huang et at 199D 
end SAR (data not shown). More recently. H was discovered 
that these transposon-induced nrpZmutations exert a polar 
effect on five downstream hrp genes (hrpB-R in toeThrpZ 
operon (Preston at bL 1995; Collrner. personal conjunc- 
tion). hrpB-Ft like hrpH, are likely Involved in the assembly 
of the Hrp secretion apparatus (Preston et at 1995). There- 
tore, current hrpZ mutations affect the expression of not 
only the ftrpZ gene but also several other hip genes that 
ere involved In the secretion of HrpZp*, and, most likely, 
other HR elicitors/pathogenie'rty factors. A non-polar hrpZ 
mutant is needed to assess the contribution of HrpZp., In 
the induction of HR and SAR. Recently, several additional 
proteins traversing the P. syringae Hrp secretion pathway 
have been identified in P. syringae pv. tomato (Yuan at aL, 
in preparation). It would be interesting to know whether 
some of these new Hrc-controlled P. syringae extracellular 
proteins can elicit HR and/or SAR. 

Although the hrpH mutant of Pss61 failed to mduce SAR 
in most experiments, ft efficiently induced the accumulation 
of peroxidase and chitinase in all experiments (Figure 2b 
and data not shown). The induction of chitinase by hrp 
mutants was also observed by Jakobek and Undgren 
(1993) These date suggest that induction of PR protems is 
not necessarily a reflection of induction of SAR and that 
the accumulation of certain PR proteins may not contribute 
to residence. In our experiments, only the accumulation 
of frfllucanase seemed to correlate with the SAR induced 
by both £ tegenarium and Pss6VHrpZp» In cucumber. 
None of the other identified PR proteins were present at 
high levels in systemic leaves of all cucumber plants that 
exhibited SAR. Whether p^lucanase is r^onsWe for the 
resistance of the induced plants to C. /aoenarfum.TNVand 
P a. nv lacrymans in cucumber remains to be investigated. 

relationships between the PR-A. PR-B, and PR-C 
proteins with H ,ucan8Se ' chitinase ' of 1*™****™ ore 
not known. . 

The demonstration of HrpZp» as a proteinaceous inducer 
of SAR may have important practical implications for plant 
disease management Crop plants could be genetically 



engineered with genes encoding proteinaceous HR/SAR 
Inducers, such as HrpZpt*, under the control of plant 
promoters inducible by virulent pathogens. H this approach 
were successful the HR and SAR would be triggered m 
otherwise compatible interactions, limiting the disease 
development. 

Experimental procedures 

Growth of plants 

Cucumber {Cucvmis sauVus U plants were grown In plastic pott 
containing Prombc soil A liquid fertilizer (Peter's 15-16-17, W. R. 
Grace and Ccw FogeteviBe, RM, containing ITO pjun. nitrogen, 
was supplied to the weter. beginning when the first true leaf was 
fuity open. Plants ware grown in a glass greenhouse equipped 
with high-pressure sodium lights twith a pnotoperiod of 14 h) to 
supplement sunlight when i 



Preparation ofinocuia 

HrpZpn was purified by affinity chromatography from Escherichia 
co8 DH5a<pSYH45). pSYH45 is • derivative of pQ£30 (Qiagen, 
IncJ expressing a texahistkBne^rpTp.. truIHength) fusion 
protein. The first methionine residue of HrpZp. was replaced 
by the following amino add sequence in the fusion protein: 
MRGSHHHHHH. The fusion protein was purified according to the 
manufactures instructions. Imidazole 1300 mm) was used to aluta 
Hrp2p» protein, foHowed by extenatve dialysis (3000-fotd) In 6 rnM 
MgOj fit 4*C The ptmty of HrpZp^ fusion protein was estimated 
by SDS-Wu3E analysis to be greater than 95%. the fusion protein 
etthe concentration of 80 ug mT 1 eticited.a strong HR in tobacco 
and cucumber leaves, while an Identical preparation from 
DH5a(pQ£30) 'used as a control in the purification) did not elicit 
any visible response in the same leaves. 

Pseudomonas syringae strains were grown in King's B broth 
(King et aU 1954) overnight at 30TC Bacterial suspensions were 
prepared inSmM MgSO v Spcces,of Coltetotrichum lagenarium 
were prepared as described previous^ (Kuc and Richmond. 1977). 
Tobacco necrosis virus inoculum was prepared by grinding cucum- 
ber leaves bearing necrotic local lesions in water tig Infected leaf 
tissue per 10 ml distilled water). 



Induction of SAB 

First true leaves {Leaf II of young cucumber plants tcv. "Marketer) 
were treated with test agents by infiltration through their abaca! 
surfaces at 30 sites per leaf, with 10 pi per site delivered by a 
repeating pipettor. Treatments consisted of buffer (5 mM M gSQj , 
HrpZp» (final concentration in buffer was 80-160 ug mt\ Pssfil 
or hrpH(afinal OO t0 o =0 - 2m5 mM MgSO*. equivalentto approxim- 
ateh/ 2X10 8 celto wt\ or a spore suspension of C lagenarium 
(7.5X10* spores mr 1 ). 

For experiments Involving tobacco (Mtenana raoacum samsun 
NN) plants, the third and fourth true leaves of 6-week-old plant s 
were inoculated with TMV (100-150 lesions per leaf) or irrfirtrated 
with 120 ug mr 1 HrpZpn or 6 mM MgSOV For TMV iriocuUrjon. 
adaxial leaf surfaces were dusted with carborundum and then 
rubbed with e cheesecloth' pad moistened with a TMV suspension. 
For inoculation with HrpZp* or 5 mM MgSO* 50 ui solution was 
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pressured into each of 10 panels of a tobacco leaf using » 
needleless syringe. Five plants were used for each treatment 



Assessment of SAR 

At 7-8 days after treatment of Leaf 1 with test agents. aubsequentry 
developed leaves (usually Leaf 2 end/or Leaf 3) were challenged 
with C lagensrium. TNV or P. a. pv. tecrymins. 

For fungal challenge, 20 sites per leaf received 10 jlI droplet of 
a C iagenanum spora suspension (1x10 s spores rot 1 * plaoad on 
adexiel surf aces with a repeating pipettor. After inoculation, plants 
were held in darkened moist chambers tor 24 h to facilitate 
penetration of leaves by the pathogen. Chambers were then 
gradually opened to allow plant adaptation to ambient conditions 
over a 12 h period, and plants were then returned to a greenhouse 
bench for an additional 6-7 days to allow disease development. 

For TNV challenge, adaxiai leaf surfaces were dusted with 
carborundum end then rubbed with a cheesecloth pad moistened 
with a TMV suspension, Virus-Inoculated plants were maintained 
on a greenhouse bench for 8-10 days to permit disease dbvetop- 



For assessment of SAR to the angular leaf spot bacterium. P. s. 
pv. tacrymanir Leaf 1 was infiltrated with buffer, C lagmarkan. 
or HrpZfe, as described above, and Leaf 5 was challenged on the 
sbaxjeJ surface with the bacterium by spraying with a bacterial 
suspension <Oa aB "0.1 ) containing 0.02% Sirwet 1-77, a surfactant 
at 11 days post-induction or by rubbing with a cheesecloth pad 
saturated with a bacterial suspension (ODeoo-OJ) at 17 days after 
induction treatment Spray-inoculated leaves were rnisted once 
and plants were then placed in a darkened moist chamber for 18 h, 
followed by a 12 h acclimation period. Plants were atibsequentry 
returned to the greenhouse bench. Bub-Inoculated leaves were 
rnisted once with water and plants were kept on a greenhouse 
bench. Disease was allowed to develop for 7 days foe rub- 
inoculated plants or 13 days for spray-inoculated plant*. ^ 

For evaluation of anthrecoose development, the number and 
diameter of necrotic lesions caused by C lagenarium were deter- 
minedr and the total necrotic area per leaf was calculated. The 
extent of disease caused by TNV or R a. pv. leerymane was 
evaluated by counting necrotic local lesions on entire inoculated 



Determination of enzyme activities in cucumber leaves 

Protein patterns and peroxidase isozymes were analyzed after a 
single separation using a 15% (wM native-PAGE gel (Pan e? at, 
1389). Peroxidase activity was determined using guaiacoJ as 
substrata (Hamnwschmiut et eL 1982). &-1.3^ucanase and 
chhinase activities were detected as described elsewhere Ul and 
Kuc 1995). , 

Expression ofpr-1 gene in tobacco haves 

An internal fragment (from nt 304 to 535) of the tobacco pr-1 gene 
Figure 1 in Comelissen et at, 1986) was amplified in a polymerase 
chain reaction (PCR) and labeled with (a ^WATP. Total RNA was 
purified from systemic leaves (the ninth true leaves) of tobacco 
plants 5 days post^wtocticn. Ten micrograms of RNA from each 
treatment were fractionated in a 1-2% agarosefornwldehyde gel 
and subsequently blotted to Immobile n-N membrane (MiDipore). 
Hybridization was performed In a solution consisting of ExSSC, 
2xDenharors reagent 0.1% SDS and 10% dextran sulfate at 6&*C 
Washes were carried out in 0~2xSSC. 0.1% SOS at 60*C 
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For assessment of SAR to TMV, the seventh and eighth true 
leaves were challenged rwculated with TMV (100-150 lesions per 
leaf) S days after induction. For each treatment the diameters of 
100 TMV lesions tfrorn 10 leaves of five plants) were recorded. 



PR protein assay 

Tissues were collected from Leaf 1 and Leaf 2 during the 14 day 
period fallowing induction of Leaf 1. The leaf tissues were rapidly 
frozen with dry Ice and stored et -8CTG Protein extraction was 
based on the method previously described Wi and Kuc 1995). 
Frozen leaf tissues were homogenized at 0-4"C in 0.1 M sodium 
citrate buffer, pH 5 A containing 0.1% IWv) ^-mercaptoethanol and 
0.1% (wM L-ascorbic acid. The homogenate was cemrrfuged at 
12 000 g for 30 mtn. The supernatant was decanted and diaryzed 
against two changes of water for 24 h and then against two 
changes of 0,06 M sodium acetate buffer (pH 5.0) for 2 h. The 
extract was cemrrfuged again at 10 000 p for 10 mln. The super- 
natant was used as crude enzyme extract. Protein concentrations 
were measured using the Bio-Rad protein assay kit with bovine 
gemma globulin es standard. 
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ABSTRACT 



It is the object of the present invention to provide disease- 
resistant plants which have been transformed to cause an 
effective defense reaction, and methods for producing the 
same. 

The present invention provides expression cassettes com- 
prising a promoter capable of promoting a constitutive, 
inducible, or organ- or phase-specific gene expression, and 
a gene, under the control of said promoter, encoding an 
elicitor protein. 
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Tobacco 
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Fig. 2 Expression of harpin pss in tobacco and 
rice 
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Fig. 3 Formation of hypersensitive- 
response-like localized necrosis 
spots 
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DISEASE-RESISTANT PLANTS AND METHOD OF 
CONSTRUCTING THE SAME 

FIELD OF THE INVENTION 

[0001] The present invention relates to methods for pro- 
ducing disease-resistant plants, gene expression cassettes for 
producing disease-resistant plants, and transgenic, disease- 
resistant plants produced by the method. 

BACKGROUND OF THE INVENTION 

[0002] Plant defense against pathogens differs in its 
mechanism from that observed in animals. For example, 
there is known in higher plants a hypersensitive response 
(HR) mechanism which involves a dynamic resistance reac- 
tion to pathogen invasion. When a pathogen invades a plant, 
plant cells at a site of invasion die in response, whereby 
pathogens are trapped locally. This reaction is known to be 
induced as a result of either an incompatible host-pathogen 
interaction or a non-host-pathogen interaction. Such cell 
suicide can be understood in terms of a localized, pro- 
grammed cell death (Dangl et al.: Plant Cell 8: 1973-1807 
(1996)). In addition to the mechanism involving HR, other 
defense reactions, including generation of active oxygen 
species, reinforcement of a cell wall, production of phytoal- 
exin and biosynthesis of defense-related proteins such as PR 
proteins, are also known (Hammond-Kosack and Jones: 
Plant Cell 8: 1773-1791 (1996)). Further, in addition to such 
localized defense responses, there is known to take place in 
many cases a defense reaction spreads whereby PR proteins 
accumulate also in non-infected parts of a plant, whereby 
resistance is imparted to the entire plant. This mechanism is 
referred to as systemic acquired resistance (SAR) and con- 
tinues for several weeks or longer. As a result, the entire 
plant is made resistant to secondary infection (Sticher et al.: 
Annu. Rev. Phytopathol. 35: 235-270 (1997)). 

[0003] A first reaction of a plant of switching on a highly 
organized defense reaction such as outlined above is the 
recognition by the plant of a molecule called an "elicitor" 
directly or indirectly produced by an invading pathogen. 
Additionally, complex signal cascades including the subse- 
quent rapid generation of active oxygen species and revers- 
ible protein phosphorylation are considered to be important 
as initial reactions of the defense response (Yang et al.: 
Genes Dev. 11: 1621-1639 (1997)). There are a wide variety 
of elicitors, including so-called nonspecific elicitors e.g. 
oligosaccharides which are products by degradation of cell 
wall components of many fungi including chitin/chitosan 
and glucan, or oligogalacturonic acids derived from a plant 
cell wall, variety-specific elicitors e.g. avirulence gene prod- 
ucts of pathogens such as AVR 9 (Avr gene products), and 
elicitors with an intermediate specificity such as elicitin 
(Boiler: Annu. Rev. Plant Physiol. Plant Mol. Biol. 46: 
189-214 (1995)). 

[0004] Harpin is a bacterium-derived protein elicitor 
which induces hypersensitive cell death in a non-host plant 
(Wei et al.: Science 257: 85-88 (1992), He et al.: Cell 73: 
1255-1266 (1993)). Harpin (harpin Ea ) has been purified as a 
first bacterium-derived HR-inducing protein from Erwinia 
amylovora Ea321, a pathogen of pear and apple, and 
Escherichia colt transformed with a cosmid containing the 
hrp gene cluster, and an hrpN gene encoding Harpin has 
been cloned (Wei et al.: Science 257: 85-88 (1992)). There- 



after, harpingpgg encoded by hrpZ gene has been identified 
and characterized from Pseudomonas syringae pv. syringae 
61, a pathogen of a bean, by screening an Escherichia coli 
expression library with an activity of inducing HR to a 
tobacco leaf as an index (He et al.: Cell 73: 1255-1266 
(1993), and Japanese Patent Application Domestic 
Announcement No. 1996-510127). The homology between 
these two harpins is low, and a relatively high homology is 
found only in 22 amino acids. Moreover, the role of a harpin 
in pathogenicity has not been made clear. In addition to 
these, as a third protein, PopA protein (which PopAencodes) 
is identified from Pseudomonas solanacearum GMI1000, a 
pathogen of a tomato, as a protein inducing HR to a non-host 
tobacco (Arlat et al.: EMBO.J. 13: 543-553 (1994)). Though 
PopA gene is located on the outside of hrp cluster, differing 
from hrpN and hrpZ, they are identical in that they are under 
the control of an hrp regulon. The above three proteins are 
glycine -rich, heat stable proteins, induce HR to a non-host 
tobacco and are secreted extracellularly at least in vitro in a 
manner of depending upon hrp protein. In addition to these 
are reported HrpW protein from Pseudomonas syringae pv. 
tomato DC3000 as a protein having the same function 
(Charkowski et al.: J. Bacteriol. 180: 5211-5217 (1998)), 
hrpZ and hrpZp Sg proteins as harpin^ homologues (Pre- 
ston et al.: Mol. Plant-Microbe. Interact. 8: 717-732 (1995)), 
and harpin^ (Bauer et al.: Mol. Plant-Microbe. Interact. 8: 
484-491 (1995)) and hrpN^ protein (Cui et al.: Mol. 
Plant-Microbe. Interact. 9: 565-573 (1996)) as harpin^ 
homologues. 

[0005] It has been made apparent from studies upon 
various metabolic inhibitors that the formation of localized 
necrosis spots with harpin is not so-called necrosis due to the 
cytotoxicity of harpin but a cell death resulting from a 
positive response on the plant side (He et al.: Mol. Plant- 
Microbe. Interact. 7: 289-292 (1994), and He et al.: Cell 73: 
1255-1266 (1993)), and this hypersensitive cell death is 
thought to be a type of programmed cell death (Desikan et 
al.: Biochem. J. 330: 115-120 (1998)). The addition of 
harpin into a cell culture of Arabidopsis induces a homo- 
logue of gp91-phox, a constituent of NADPH oxidase, 
which is thought to have an important role in the oxidative 
burst as an initial reaction of a disease-resistant reaction, (J. 
Exp. Bot. 49: 1767-1771 (1998)), and mitogen -activated 
protein (MAP) kinase (Desikan et al.: Planta. 210: 97-103 
(1999)). Moreover, a harpin can impart systemic acquired 
resistance (SAR) to a plant. For example, SAR meditated by 
salicylic acid and an N1M gene can be induced to an 
Arabidopsis plant by artificially injecting harpin^ into the 
plant cells (Dong et al.: The Plant J. 20: 207-215 (1999)), 
and Harpin^ can induce SAR to a cucumber and impart a 
wide spectrum of resistance to fungi, viruses and bacteria 
(Strobel et al.: Plant J. 9: 431-439 (1996)). 

[0006] Thus, there are reports about artificially injecting or 
spraying purified harpin into a plant and analyzing the 
induction of a hypersensitive cell death and an acquired 
resistance reaction (Japanese Patent Application Domestic 
Announcement No. 1999-506938, Strobel et al.: Plant J. 9: 
431-439 (1996), and Dong et al.: The Plant J. 20: 207-215 
(1999)). However, there is no report about introducing a 
gene encoding an elicitor protein such as a harpin into a 
plant to produce a transgenic plant and analyzing it. 
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SUMMARY OF THE INVENTION 
[0007] It has been anticipated that, when a gene encoding 
an elicitor protein such as harpin is introduced into a plant, 
the plant will express an elicitor protein at a certain amount, 
even in a normal state with no pathogen, or that it will also 
express an elicitor protein in a certain amount in organs 
other than those invaded with a disease, and as a result, 
various unintended reactions occur to prevent the plant from 
growing normally. The object of the present invention is 
therefore to provide a disease-resistant transgenic plant 
which has been transformed to induce a proper defense 
reaction, and to provide a method for producing the same. 

[0008] The present inventors have engaged in studies 
assiduously, and as a result have found that a transgenic 
tobacco with hrpZ gene of Psedomonas syringae pv. syrin- 
gae LOB2-1 introduced thereinto induces hypersensitive - 
response-like localized necrosis spots in response to the 
inoculation of a powdery mildew fungi (Erysiphe cichora- 
cearum) to become resistant, which has led to the comple- 
tion of the present invention. Surprisingly, a plant grew 
normally when cell-death-inducing harpin was expressed 
with a constitutive promoter (cauliflower mosaic virus 35S 
RNA gene promoter) capable of promoting expression in 
cells of the whole body. In addition, a hypersensitive cell- 
death-like reaction was induced only after inoculation with 
a pathogen. Further, the present inventors have found that a 
transgenic rice with the same hrpZ gene introduced thereinto 
becomes blast (Magnaporthe groea)-resistant, thus showing 
the general- applicability of the present invention. 

[0009] The present invention provides a transgenic, dis- 
ease-resistant plant which has been transformed with an 
expression cassette comprising a promoter capable of pro- 
moting a constitutive, inducible, or organ- or phase-specific 
gene expression and a gene encoding an elicitor protein 
under the control of said promoter, wherein said plant is 
capable of effecting the constitutive, inducible, or organ- or 
phase-specific expression of the elicitor protein in an amount 
effective for inducing a defense reaction. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0010] FIG. 1 shows the constructs constructed and intro- 
duced into plants in the present invention. 

[0011] FIG. 2 is a photograph showing exemplary of the 
detection results using Western analysis for harpin^ accu- 
mulation in transgenic tobacco and rice of the T 0 generation. 
PC represents harpin^ expression in Escherichia coli as a 
control. 

[0012] FIG. 3 is a photograph showing the appearances of 
localized necrosis spots occurring in a transgenic tobacco of 
the Tj generation. A: PALL-hrpZ-introduced individual (5th 
day after inoculation, harpin expression level: ++), B: 35S- 
hrpZ-introduced individual (7th day after inoculation, harpin 
expression level: ++) 

[0013] FIG. 4 is a photograph showing the resistance of a 
transgenic tobacco of the T 2 generation against powdery 
mildew. (Right: 35S-hrpZ-introduced individual, harpin 
expression level: ++, Left: SRI as a control, 11th day after 
inoculation in both) 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0014] The present invention also provides methods for 
producing transgenic, disease-resistant plants capable of 



effecting the constitutive, inducible, or organ- or phase- 
specific expression of an elicitor protein in an amount 
effective for inducing a defense reaction. Such methods 
comprise the steps of: (a) obtaining transgenic plant cells 
with expression cassettes comprising a promoter capable of 
promoting a constitutive, inducible, or organ- or phase- 
specific gene expression and a gene encoding an elicitor 
protein under the control of said promoter; and (b) regen- 
erating a complete plant from said transgenic plant cell. 

[0015] The present invention also provides expression 
cassettes capable of being employed for producing a trans- 
genic, disease-resistant plants. Such expression cassettes 
comprise at least: (a) a promoter capable of promoting a 
constitutive, inducible, or organ- or phase-specific gene 
expression; and (b) a gene, under the control of said pro- 
moter, encoding an elicitor protein. "Elicitor" is a general 
term used for substances inducing defense reactions in 
plants, and including heavy metal ions, and cell wall com- 
ponents of pathogens or plants, in addition to proteins. The 
term "elicitor** as used in the present specification refers to 
a protein elicitor unless otherwise specified. 

[0016] The term "elicitor protein" as used in the present 
invention can be any protein capable of inducing a proper 
defense reaction in a plant to be transformed, and preferably 
a protein possessing a hypersensitive-response-inducing 
activity against pathogenic microorganisms. It includes 
harpin and a harp in-like protein having the same function as 
harpin. "Harpin'* is a protein expected to be introduced into 
a plant in a manner of depending upon hrp gene though the 
Type III secretion mechanism, and includes, in addition to 
harpin^, (He et al.: Cell 73: 1255-1266 (1993), and Japa- 
nese Patent Application Domestic Announcement[kohyo] 
No. 510127/96), harpin^ (Wei et al.: Science 257: 85-88 
(1992), and Japanese Patent Application Domestic 
Announcement[kohyo]No. 506938/99), PopA (Arlat et al.: 
EMBO. J. 13: 543-553 (1994)), and hrpW protein 
(Charkowski et al.: J. Bacterid. 180: 5211-5217 (1998). 
Additionally the protein possessing a hypersensitive-re- 
sponse-inducing activity can be, for example, (a) a protein 
consisting of the amino acid sequence of SEQ. ID No. 2; (b) 
a protein consisting of an amino acid sequence derived from 
the amino acid sequence of SEQ. ID No. 2 by deletion, 
substitution, addition or insertion of one or more amino 
acids, and possessing a hypersensitive-response-inducing 
activity; or (c) a protein consisting of an amino acid 
sequence being at least 50% (preferably at least 80%, more 
preferably at least 90%, and still more preferably at least 
97%) homologous to the amino acid sequence of SEQ. ID 
No. 2, and possessing a hypersensitive-response-inducing 
activity. A protein consisting of the amino acid of SEQ ID 
No. 2 is novel. Hence, the present invention provides one of 
the following proteins: (a) a protein consisting of the amino 
acid sequence of SEQ. ID No. 2; (b) a protein consisting of 
an amino acid sequence derived from the amino acid 
sequence of SEQ. ID No. 2 by deletion, substitution, addi- 
tion or insertion of one or more amino acids, and possessing 
a hypersensitive-response-inducing activity; and (c) a pro- 
tein consisting of an amino acid sequence being at least 97% 
homologous to the amino acid sequence of SEQ. ID No. 2, 
and possessing a hypersensitive-response-inducing activity 
(but known proteins themselves are excluded from the scope 
of the present invention). 
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[0017] By "Homology" referred to in connection with 
amino acid sequences in the present specification is meant a 
degree of identification of amino acid residues constituting 
each sequence between sequences to be compared. In 
homology, the existence of a gap(s) and the nature of an 
amino acid(s) are taken into consideration (Wilbur, Proc. 
Natl. Acad. Sci. USA 80: 726-730 (1983) and the like). To 
calculate homology, commercially available software such 
as BLAST (Altschul: J. Mol. Biol. 215: 403-410 (1990), and 
FASTA (Peasron: Methods in Enzymology 183: 63-69 
(1990)) can be employed. 

[0018] The description "deletion, substitution, addition or 
insertion of one or more amino acids* 7 as used in the present 
specification in connection with an amino acid sequence in 
the means that a certain number of an amino acid(s) are 
substituted etc. by any well known technical method such as 
site-specific mutagenesis, or naturally. The number is, for 
example, up to ten, and is preferably from 3 to up to 5. 

[0019] A gene encoding an elicitor protein to be employed 
in the expression cassette of the present invention can easily 
be isolated by methods well-known to those skilled in the 
art. 

[0020] The gene encoding an elicitor protein can be, for 
example, (a) a DNA molecule consisting of the nucleotide 
sequence of SEQ. ID No. 1; (b) a DNA molecule consisting 
of a nucleotide sequence derived from the nucleotide 
sequence of SEQ. ID No. 1 by deletion, substitution, addi- 
tion or insertion of one or more nucleotides, and encoding a 
protein possessing a hypersensitive-response-inducing 
activity; (c) a DNA molecule consisting of a nucleotide 
sequence being hybridizable with a DNA molecule consist- 
ing of the nucleotide sequence complementary to the nucle- 
otide sequence of SEQ. ID No. 1 under stringent conditions, 
and encoding a protein possessing a hypersensitive-re- 
sponse-inducing activity; or (d) a DNA molecule consisting 
of a nucleotide sequence being at least 50% (preferably at 
least 80%, more preferably at least 90%, and still more 
preferably at least 97%) homologous to the nucleotide 
sequence of SEQ. ID No. 1, and encoding a protein pos- 
sessing a hypersensitive-response-inducing activity. A DNA 
molecule consisting of the nucleotide sequence of SEQ ID 
No. 1 is novel. Hence, the present invention also provides a 
gene consisting of one of the following DNA molecules: (a) 
a DNA molecule consisting of the nucleotide sequence of 
SEQ. ID No. 1; (b) a DNA molecule consisting of a 
nucleotide sequence derived from the nucleotide sequence 
of SEQ. ID No. 1 by deletion, substitution, addition or 
insertion of one or more nucleotides, and encoding a protein 
possessing a hypersensitive-response-inducing activity; (c) a 
DNA molecule consisting of a nucleotide sequence being 
hybridizable with a DNA molecule consisting of the comple- 
mentary nucleotide sequence to the nucleotide sequence of 
SEQ. ID No. 1 under stringent conditions, and encoding a 
protein possessing a hypersensitive-response-inducing 
activity; or (d) a DNA molecule consisting of a nucleotide 
sequence being at least 50% homologous to the nucleotide 
sequence of SEQ. ID No. 1, and encoding a protein pos- 
sessing a hypersensitive-response-inducing activity (but 
known genes themselves such as hrpZ gene of Pseudomonas 
syringae pv. syringae 61 are excluded from the scope of the 
present invention). To calculate homology in connection 
with nucleotide sequences, commercially available software 
can be employed. 



[0021] By "deletion, substitution, addition or insertion of 
one or more nucleotides" in connection with a nucleotide 
sequence in the present specification is meant that a certain 
number of a nucleotide(s) are substituted etc. by a well- 
known technical method such as a site-specific mutagenesis 
or naturally. The number is, for example, up to ten, prefer- 
ably from 3 to up to 5. By "stringent conditions" referred to 
in the present specification is meant hybridization conditions 
wherein the temperature is at about 40° C. or above and that 
the salt concentration is of about 6xSSC (lxSSC=15 mM 
sodium citrate buffer; pH: 7.0; 0.15 M sodium chloride; 
0.1% SDS), preferably at about 50° C. or above, more 
preferably at about 65° C. or above. 

[0022] The promoter to be employed in the present inven- 
tion can be any promoter capable of functioning as a 
promoter for a gene encoding an elicitor protein in a plant to 
be transformed. In the present invention, a promoter capable 
of promoting a constitutive, inducible, or organ- or phase - 
specific gene expression can be employed. 

[0023] By "promoter promoting a constitutive gene 
expression (often referred to as a "constitutive promoter")" 
is meant a promoter whose organ specificity and/or phase 
specificity are (is) not high in connection with the transcrip- 
tion of the gene. Examples of the constitutive promoter 
include cauliflower mosaic virus 35 S promoter, ubiquitin 
promoter (Cornejo et al.: Plant Mol. Biol. 23: 567-581 
(1993)), actin promoter (McElroy et al.: Plant Cell 2: 
163-171 (1990)), alpha tubulin promoter (Carpenter et al.: 
Plant Mol. Biol. 21: 937-942 (1993)) and Sc promoter 
(Schenk et al.: Plant Mol. Biol. 39: 1221-1230 (1999)). In a 
transgenic plant, the expression cassette promoting the con- 
stitutive expression of an elicitor protein includes, for 
example, a known promoter that is known as a constitutive 
promoter. 

[0024] By "promoter promoting an inducible gene expres- 
sion (often referred to as an "inducible promoter")" is meant 
a promoter which induces transcription by physical or 
chemical stimulation, such as light, disease, injury or contact 
with an elicitor. Examples of the inducible promoter include 
pea PAL promoter, Prpl promoter (Japanese Patent Appli- 
cation No. 1998-500312), hsr203J promoter (Pontier et al.: 
Plant J. 5: 507-521 (1994)), EAS4 promoter (Yin et al.: Plant 
Physiol. 115: 437-451 (1997)), PRlbl promoter (Tornero et 
al.: Mol. Plant Microbe. Interact. 10: 624-634 (1997)), tapl 
promoter (Mohan et al.: Plant Mol. Biol. 22: 475-490 
(1993)) and AoPRl promoter (Warner et al.: Plant JL 3: 
191-201 (1993)). In a transgenic plant, the expression cas- 
sette promoting an inducible elicitor protein expression 
includes, for example, a known promoter known as an 
inducible promoter. 

[0025] By "promoter promoting an organ-specific gene 
expression (often referred to as an "organ-specific pro- 
moter")" is meant a promoter giving, to the transcription of 
the gene, a specificity to an organ, such as a leaf, a root, a 
stem, a flower, a stamen and a pistil. Examples of the 
organ-specific promoter include a promoter promoting a 
high gene expression in green tissues of a photosynthesis- 
related gene, such as PPDK (Matsuoka et al.: Proc. Natl. 
Acad. Sci. USA 90: 9586-9590 (1993)), PEPC (Yanagisawa 
and Izui: J. Biochem. 106: 982-987 (1989) and Matsuoka et 
al.: Plant J. 6: 311-319 (1994)) and Rubisco (Matsuoka et al: 
Plant J. 6: 311-319 (1994)). In a transgenic plant, the 
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expression cassette promoting an organ-specific elicitor pro- 
tein expression includes, for example, a known promoter 
that is known as an organ-specific promoter. 

[0026] By "promoter promoting a phase-specific gene 
expression (often referred to as a "phase-specific pro- 
moter")" is meant a promoter giving, to the transcription of 
the gene, a phase specificity to a phase, such as a initial, 
middle and later growth phase. Examples of the phase- 
specific promoter include a promoter functioning specifi- 
cally in aged leaves such as SAG 12 promoter (Gan and 
Amashino: Science 270: 1986-1988 (1985)). 

[0027] Vectors for sub -cloning each DNA fragment as a 
component of the expression cassette of the present inven- 
tion can be simply prepared by connecting an intended gene 
into a vector for recombination (pi asm id DNA) available in 
the art by any common technique. Specific examples of 
suitable vectors include plasm ids derived from Escherichia 
coli, such as pBluescript, pUC18, pUC19 and pBR322, but 
are not limited only to these plasmids. 

[0028] As a vector for introducing the expression cassette 
of the present invention into a plant to be transformed, a 
vector for transforming plants can be used. The vectors for 
plants are not particularly limited, so far as they are capable 
of expressing the concerned gene and producing the con- 
cerned protein in a plant cell, and examples thereof include 
pBI221, pBI121 (both being manufactured by Clontech) and 
vectors derived therefrom. In addition, for the transforma- 
tion of a monocotyledonous plant in particular, there can be 
exemplified pIG121Hm, pTOK233 (both by Hiei et al.: 
Plant J. 6: 271-282 (1994)), pSB424 (Komari et al.: Plant J. 
10: 165-174 (1996)), superbinary vector pSB21 and vectors 
derived therefrom. A recombination vector having the 
expression cassette of the present invention can be con- 
structed by introducing a gene encoding an elicitor protein 
into any of these known vectors (if required, a promoter 
region being recombined) by a procedure known well to 
those skilled in the art. For example, a recombinant vector 
having an expression cassette comprising a constitutive 
promoter and hrpZ gene can be constructed by integrating 
hrpZ gene into superbinary vector pSB21. A recombinant 
vector having an expression cassette comprising an induc- 
ible promoter and hrpZ gene can be constructed by remov- 
ing the existing promoter from the above recombinant vector 
and integrating an inducible promoter in place. 

[0029] A plant-transforming vector preferably comprises 
at least a promoter, a translation initiator cod on, a desired 
gene (a DNA sequence of the invention of the present 
application or a part thereof), a translation termination codon 
and a terminator. Moreover, it may comprise a DNA mol- 
ecule encoding a signal peptide, an enhancer sequence, a 
non-translation region on the 5 1 side and the 3' side of the 
desired gene and a selection marker region as appropriate. 
Examples of marker genes include antibiotic-resistant genes 
such as tetracyclin, ampicillin, kanamycin or neomycin, 
hygromycin or spectinomycin; and genes such as luciferase, 
p-galactosidase, p-glucuronidase(GUS), green fluorescence 
protein (GFP), p- lactamase and chloramphenicol acetyl 
transferase (CAT). 

[0030] As methods for introducing a gene into a plant can 
be mentioned a method employing an agrobacterium 
(Horsch et al.: Science 227: 129 (1985), Hiei et al.: Plant J. 
6: 271282 (1994)), a leaf disc method (Horsch et al.: Science 



227: 1229-1231 (1985), an electroporation method (Fromm 
et al.: Nature 319: 791 (1986)), a PEG method (Paszkowski 
et al.: EMBO. J. 3: 2717 (1984)), a micro-injection method 
(Crossway et al.: Mol. Gen. Genet. 202: 179 (1986)) and a 
minute substance collision method (McCabe et al.: Bio/ 
Technology 6: 923 (1988)), but any method for introducing 
a gene into a desired plant may be employed without any 
particular limitation. Of these methods for transfection, a 
method comprising transferring a vector into an agrobacte- 
rium by mating and then infecting a plant with the agrobac- 
terium is preferred. Methods for infection is also well- 
known to those skilled in the art. Examples include a method 
comprising damaging a plant tissue and infecting it with a 
bacterium; a method comprising infecting an embryo tissue 
(including an immature embryo) of a plant with the bacte- 
rium; a method comprising infecting with a callus; a method 
comprising co-culturing protoplasts and the bacterium; and 
a method comprising culturing a fragment of a leaf tissue 
together with the bacterium (leaf disc method). 

[0031] Successfully transformed cells can be selected 
from other cells by employing an appropriate marker as an 
index or examining the expression of a desired trait. The 
transformed cell can further be differentiated employing a 
conventional technique to obtain a desired transgenic plant. 

[0032] Analysis of the resultant transformant can be per- 
formed by employing various methods that are well-known 
to those skilled in the art. For example, oligonucleotide 
primers can be synthesized according to the DNA sequence 
of the introduced gene, and the chromosome DNA of the 
transgenic plant can be analyzed by PCR employing the 
primers. In addition, the analysis can be performed on the 
basis of the existence of mRNA corresponding to the intro- 
duced gene and the existence of the protein expression. 
Moreover, the analysis can be performed on the basis of the 
appearance of the plant (for example, in the case of trans- 
formation with a gene encoding a protein capable of induc- 
ing localized necrosis spots, the presence of localized necro- 
sis spots, or the size, number and the like of the localized 
necrosis spots), disease resistance (for example, the exist- 
ence of resistance or its degree upon contacting the plant 
with a pathogen) and the like. 

[0033] In the transgenic plant of the present invention, a 
constitutive, inducible, or organ- or phase-specific expres- 
sion of an elicitor protein in an amount effective for inducing 
a defense reaction can be achieved. The amount effective for 
inducing a defense reaction is such an amount that the 
expressed elicitor protein can induce at least a localized 
defense-related reaction (for example, induction of a hyper- 
sensitive cell death (localized necrosis)) to the plant. Pref- 
erably, the amount is such that the defense reaction extends 
to the whole body of the plant, and as a result, the whole 
plant becomes resistant (systemic acquired disease-resis- 
tant). Moreover, preferably, the amount is not so large that 
causes death of the localized tissue having the necrosis spots 
as a result of the localized necrosis spots becoming too large. 

[0034] Moreover, in the transgenic plant of the present 
invention, an elicitor protein is preferably expressed in an 
amount which, while being effective for inducing a defense 
reaction in response to stimulation such as the invasion of a 
pathogen, does not, under normal conditions, remarkably 
prevent the growth of the plant due to the negligible or low 
expression, if any. For example, in the case of employing 
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harpiiipgs as an elicitor protein, usually no harpin^ is 
expressed, or is expressed only in an amount that does not 
allow localized necrosis spots to cause the death of the 
organ, and preferably it is expressed in an amount that 
induces a hypersensitive response at the time of the invasion 
of a pathogen. Further, it is preferably expressed in such an 
amount that, even if a pathogen invades to cause harpin^ to 
accumulate, localized necrosis spots are hardly observable 
by the naked eye, but the whole body acquires a systemic 
disease-resistannce . 

[0035] In order to induce such a proper defense reaction, 
for example, a promoter capable of promoting an inducible 
gene expression is employed. Hence, in one embodiment of 
the present invention, an inducible promoter and a harpin 
gene are combined. 

[0036] In addition, a proper defense reaction can be 
accomplished not only in the case of employing an inducible 
promoter but also in the case of employing a constitutive 
promoter. Hence, in another embodiment of the present 
invention, a constitutive promoter and a harpin gene are used 
in combination. In this embodiment, as a mechanism of the 
occurrence of a proper defense reaction, it is considered that 
an elicitor protein, for example, harpin^, is recognized at 
the outside of cell membranes or on the cell wall of plant 
cells, and hence, harpin pss accumulating in cytoplasm is not 
recognized by plant cells until degradation of cells occurs 
due to invasion of fungus, and as a result, the hypersensitive 
response appears after the inoculation of the pathogen or it 
is deduced that there exists a further factor which is related 
to the inoculation of a pathogen in the mechanism of the 
occurrence of the elicitor activity of harpin^. 

[0037] The transgenic plants of the present invention 
include a transgenic, powdery mildew- resistant tobacco 
which has been transformed with an expression cassette 
comprising a constitutive or inducible promoter and a gene, 
under the control of said promoter, encoding an elicitor 
protein such as harpin^,., or a transgenic, blast-resistant rice 
which has been transformed with an expression cassette 
comprising a constitutive promoter and a gene, under the 
control of the promoter, encoding an elicitor protein such as 
harpin^.. 

[0038] It is thought that the present invention can be 
applied to plants other than rice and tobacco described in the 
examples to be described later. Examples of such plants 
include, as crops, wheat, barley, rye, corn, sugar cane, 
sorghum, cotton, sunflower, peanut, tomato, potato, sweet 
potato, pea, soybean, azuki bean, lettuce, cabbage, cauli- 
flower, broccoli, turnip, radish, spinach, onion, carrot, egg- 
plant, pumpkin, cucumber, apple, pear, melon, strawberry 
and burdock; and, as ornamental plants, arabidopsis 
th ali an a, petunia, chrysanthemum, carnation, saintpaulia and 
zinnia. The "transgenic plants" referred to in the present 
invention include not only transgenic plants (To generation) 
obtained by obtaining a transgenic plant cell according to the 
method of the present invention and regenerating, from said 
plant cell, a complete plant, but also later-generation (Tj 
generation and the like) plants obtained from said transgenic 
plants so far as the disease-resistant trait is contained. In 
addition, the "plants" referred to in the present invention 
include, unless otherwise spcified, in addition to plants 
(individuals), seeds (including germinated seeds and imma- 
ture seeds), organs or parts thereof (including a leaf, a root, 



a stem, a flower, a stamen, a pistil and pieces thereof), a plant 
culture cell, a callus and a protoplast. 

[0039] The diseases analyzed in the following examples 
are tobacco powdery mildew and rice blast, but as other 
diseases of tobacco there can be mentioned wildfire, bacte- 
rial wilt and TMV; and as other diseases of rice there can be 
mentioned sheath blight disease and bacterial leaf blight 
disease. According to the method for producing a disease- 
resistant plant of the present invention, it is possible to 
impart resistance in plants to these diseases. 

EXAMPLES 

Example 1 

Cloning of HrpZ Gene 

[0040] A pair of primers for amplifying the open leading 
frame of hrpZ gene were synthesized in reference to the 
nucleotide sequence of the reported hrpZ gene oZPseudomo- 
nas syringae pv. syringae 61 (He et al.: Cell 73: 1255-1266 
(1993)), and Japanese Patent Application Domestic 
Announcement[Kohyo] No. 1996-510127): 



Hrpl: AAA ATC TAG AAT GCA GAG TCT CAG TCT TAA 
Hrp2 : AAA ACT CGA CTC AGG CTG CAG CCT GAT TGC 

[0041] Employing these primers, PCR was performed 
with a DNA molecule of a cosmid clone containing an hrp 
cluster derived from Pseudomonas syringae pv. syringae 
LOB2-1 (a casual agent for bacterial blight of lilac) (Inoue 
and Takikawa: J. Gen. Plant Pathol. 66: 238-241 (2000)) as 
a template. PCR was performed under the following condi- 
tions: the amount of a reaction solution: 20>1; each primer: 
0.5 pM; dNTP: 0.2 mM; lxExTaq buffer; ExTaq DNA 
polymerase (from Takara Shuzo): 1U; once at 95° C. for 5 
minutes, then 30 cycles at 94° C. for 30 seconds, at 60° C. 
for 30 seconds and at 72° C. for 2 minutes, and once at 72° 
C. for 10 minutes. The PCR product was ligated to a vector 
pCR2.1 (from Invitrogen) using Takara ligation kit (from 
Takara Shuzo) and transformed into an Escherichia coli TBI 
strain. As a result of determining the entire nucleotide 
sequence of the PCR product, it consisted of 1029 bp in the 
length, longer than the reported hrpZ gene (He et al.: Cell 
73:1255-1266(1993)) by three bases (one amino acid), and 
showed a homogoly of 96.7% in nucleotides and a homol- 
ogy of 96.5% in amino acids. The reason that the nucleotide 
sequences are not completely the same is thought to be due 
to a variation among the pathover. The nucleotide sequence 
of the cloned hrpZ gene is shown in SEQ. ID No. 1 and the 
deduced amino acid sequence obtained therefrom is shown 
in SEQ. ID No. 2, respectively. 

Example 2 

Expression in an Escherichia coli and Production 
of an Antibody 

[0042] The above plasmid with an hrpZ gene integrated 
into pCR2.1 was digested with restriction enzymes BamHI 
and Sail, and was subjected to electrophoresis on 0.7% 
agarose to separate a fragment of about 1.1 kb. This frag- 
ment was ligated to an expression vector pQE31 (from 
QIAGEN) digested with the same enzymes and transformed 
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into Eschrichia coli M15 strain. The thus obtained Eschri- 
chia coli was cultured in an LB medium in the presence of 
1 mM of IPTG at 37° C, harpin^ was accumulated as 
insoluble fraction. Since this protein showed poor adsorp- 
tion to a nickel resin adsorbent, the purification of harpin^ 
was conducted in the following procedure. The Eschrichia 
coli M15 strain having the pQE31 vector with the hrpZ gene 
integrated thereinto was cultured in 2 ml of an LB medium 
containing 100 mg/1 of ampicillin and 25 mg/1 of kanamycin 
at 37° C. overnight, and transferred into 250 ml of the LB 
medium and cultured for about three hours; then 1 mM of 
IPTG was added thereto and the culture was further con- 
ducted at 37° C. for 4 hours. Cells were collected by 
centrifugation, the insoluble fraction was dissolved in 4 ml 
of an eluation buffer (8 M urea, 0.1 M sodium dihydrogen 
phosphate, 0.01 M Tris, pH 8.0), and a supernatant liquid 
was obtained by centrifugation and subjected to electro- 
phoresis on a 12.5% acrylamide gel containing 0.1% SDS, 
and then stained with Coomassie Brilliant Blue to cut a band 
appearing at around 40 kDa. The gel was cut into small 
pieces, and an elution buffer (1% SDS, 0.02 M Tris HC1, pH 
of 8.0) was added thereto in an amount ten times the volume 
of the gel, and shaken for three days. The supernatant was 
transfered to a dialysis membrane with a cut off molecular 
weight of 6,000 to 8,000, and the dialysis was conducted 
with 80% acetone as an external liquid once for 4 hours and 
once overnight. The whole content in the dialysis tube was 
moved into an Eppendorf tube, subjected to centrifugation to 
discard the supernatant, and the pellet was dried to obtain a 
purified harpin^ preparation. 3 mg of the purified harpin^ 
was sent to Sawady Technology for the production of an 
antibody (anti-rabbit harpin^ serum). 

Example 3 

Construction of a Gene and Transformation of a 
Plant 

[0043] The hrpZ gene integrated into pCR2.1 was excised 
from the vector by digestion with restriction enzymes Xbal 
and SacI (from Takara Shuzo). On the other hand, superbi- 
nary vector pSB21 (35S-GUS-NOS, Komari et al.: Plant J. 
10: 165174 (1996)) was digested with the same enzymes to 
remove the GUS gene, and the hrpZ gene was integrated 
thereinto. According to the above procedure, a construct 
named 35S-hrpZ (35S promoter-hrpZ gene-NOS termina- 
tor) was constructed. The cauliflower mosaic virus 35S 
promoter is a promoter capable of constitutively promoting 
a high expression, and it is anticipated that rice and tobacco 
transformed with this construct will accumulate harping, 
the hrpZ gene product, in the whole body. 

[0044] pSB21 was digested with restriction enzymes Hin- 
di 1 1 and Xbal to remove the 35S promoter, and a 0.9 kb 
fragment of corn PPDK promoter (Taniguchi el al.: Plant 
Cell Physiol. 41: 42-48 (2000)) was integrated thereinto. 
The resulting plasmid was digested with Xbal and SacI to 
remove the GUS gene, and then the above-described hrpZ 
Xbal -SacI fragment was inserted thereinto. Thus, PPDK- 
hrpZ (PPDK promoter-hrpZ gene-NOS terminator) was 
constructed. The corn PPDK promoter is a promoter capable 
of promoting a strong expression in photosynthesis organs 
such as mesophyl cells (Taniguchi et al.: Plant Cell Physiol. 
41: 42-48 (2000)), and it is anticipated that rice plants 
transformed with this construct will accumulate harpin^, 
the hrpZ gene product, in green organs (leaves). 



[0045] PAL promoter was cloned as below. Plasmid DNA 
was extracted from agrobacterium LBA4404 strain (gifted 
from Prof. Shiraishi of Okayama University) having a 
construct containing PSPAL1 (PSPAL1 promoter-GUS 
gene-NOS terminator) (Yamada et al.: Plant Cell Physiol. 
35: 917-926 (1994), and Kawamataet al.: Plant Cell Physiol. 
38: 792-803 (1997)). On the other hand, a reverse primer and 
two forward primers were designed on the basis of the 
nucleotide sequence of the reported PSPAL1 promoter 
(Patent: JP 1993153978-A 1 22-Jun.-1993; TAKASAGO 
INTERN ATL. CORP.): 



PALRVXba : 

GGG GTC TAG AAT TGA TAC TAA AGT AAC TAA TG 
PALFFHin: 

TTG GAA GCT TAG AGA TCA TTA CGA AAT TAA GG 
PALFSHin : 

CTA AAA GCT TGG TCA TGC ATG GTT GCT TC 

[0046] A promoter region (PAL-S) of about 0.45 kb in the 
upstream of the starting point of translation (about 0.35 kb 
at the upstream of the initiation point of transcription) was 
amplified by the combination of PALRVXba and PALF- 
SHin, and a promoter region (PAL-L) of about 1.5 kb by the 
combination of PALRVXba and PALFFHin. The above- 
mentioned agrobacteruium plasmid DNA was used as a 
template and PCR was conducted with these primers. The 
reaction conditions of PCR were as below: reaction solution: 
50 /d; each primer: 0.5 j/M, dNTP: 0.2 mM; lxExTAq 
buffer, ExTAq DNA polymerase (from Takara Shuzo): 1U; 
and the reaction was conducted once at 94° C. for three 
minutes, then 30 cycles at 94° C. for one minute, at 50° C. 
for one minute and at 72° C. for two minutes, and once at 72° 
C. for 6 minutes. A PCR product was cloned to vector 
pCRll (from Invitrogen). 

[0047] Since the PsPALl promoter had a Hinlll site at the 
upstream 142 bp from the starting point of translation, 
PAL-S was digested completely with restriction enzyme 
Xbal and then partially with Hindin to obtain a 0.45 kb of 
fragment from pCRll. The above mentioned pSB21 was 
digested with Hind II I and Xbal to remove the 35S promoter, 
and PAL-S was integrated thereinto. In the pSB21 vector 
employed here the unique PvuII site existing in the basic 
structure had been removed, and, instead, a PvuII linker had 
been placed at the unique ECOR1 site (just after the Nos 
terminator). The plasmid with PAL-S integrated thereinto 
was further digested with Xbal and SacI to remove the GUS 
gene, and then the above mentioned 1.1 kb hrpZ Xbal-Sacll 
fragment was inserted therein. PALS-hrpZ was constructed 
according to the above procedure. Next, PAL-L integrated 
into pCRll was digested with restriction enzymes Xhol and 
Xbal to take out a 1.45 kb PAL promoter, which was 
integrated into vector pSBll (Komari et al.: Plant J. 10: 
165-174 (1996)) co-digested with the same enzymes. The 
formed plasmid was digested with Xbal and Smal, and an 
Xbal -PvuII fragment of PALS-hrpZ (hrpZ-NOS terminator) 
was inserted therein. In this manner, PALL-hrpZ was pro- 
duced. The PAL promoter promotes a low-level expression 
constitutively, but it is a promoter strongly induced with a 
pathogen and an injury (Yamada et al.: Plant Cell Physiol. 
35: 917-926 (1994), and Kawamata et al.: Plant Cell Physiol. 
38: 792-803 (1997)), and it is anticipated that a tobacco plant 
transformed with PALS-hrpZ or PALL-hrpZ accumulates 
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more harpin^ at the place of stress when these stresses 
occur. In this case, it is anticipated that more harpin^ will 
accumulate in the case of PALL relative to the case oi :PALS. 

[0048] According to the tri-parental mating system, of 
Escherichia coli LB392 strain containing the thus produced 
four constructs 35S-hrpZ, PALS-hrpZ, PALS-hrpZ and 
PALL-hrpZ (summarized in FIG. 1), agrobacterium 
LBA4404 strain containing a vector pSB4U with a selection 
marker gene integrated thereinto (corn ubiquitin promoter- 
hygromycin-resistant gene (hptII)-NOS terminator) and 
Escherichia coli HB101 containing a helper plasmid 
pRK2013, the hrpZ gene containing construct was intro- 
duced into an agrobacterium utilizing homologous recom- 
bination. 

[0049] The transformation of a tobacco was performed by 
the leaf disc method (Horsch et al.: Science 227: 1229-1231 . 
(1985)). A leaf of tobacco variety SRI grown in a green- 
house was sterilized by treatment with ethanol for 30 
seconds and with antiformin diluted 5 times for 5 minutes, 
and after it was cleaned with sterilized water twice, it was 
cut into one -centimeter squares, and an agrobacterium sus- 
pension was inoculated thereto. The concentrations of 
hygromycin at the time of induction and selection of a 
transfected shoot and at the time of rooting were 50 or 100 
mg/ml and 0 or 50 mg/ml, respectively. For the transforma- 
tion of rice, immature-embryo-derived cali of varieties of 
paddy rice, Tsukinohikari, and Koshihikari were trans- 
formed employing agrobacterium according to the method 
of Hiei et al.: Plant J. 6: 271-282 (1994). 

Example 4 

Analysis of Transform ants 
[0050] (1) Transgenic Tobacco 

[0051] 15 individuals of the re-generated plant were 
obtained from 35S-hrpZ, 10 individuals were from PALS- 
hrpZ and 16 individuals were from PALL-hrpZ. There was 
observed no remarkable difference between the constructs in 
transformation efficiency. Western analysis was performed 
on the primary generation (To) of the transform ant, and 
Western analysis and disease assays were performed on the 
self-pollinated next generation (Tj). 

[0052] 1) Western Analysis of T 0 Generation 

[0053] 2x2 cm of a leaf of a transgenic tobacco of the 4 or 
5 leaf stage and 2x2 cm of a leaf of a non-transgenic tobaco 
(SRI) were pulverized in 0.1 M HEPES-KOH pH 7.6 buffer 
in a mortar. The supernatant liquid after centrifugation with 
15000 g for 10 minutes was made a protein sample. The 
amount of the protein was determined with a Bio-Rad 
Protein Assay kit (from BIO-RAD). About 20 ^ig of the 
protein was fractioned by the SDS-PAGE method according 
to the method of Laemmni et al. (Nature 227: 680-685 
(1970)), on 12.5% PAGEL (from ATTO). After electro- 
phoresis, the protein bands on the gel were transferred to a 
PVDF membrane (from Millipore). The PVDF membrane 
was placed in a lxTBS buffer containing 0.5% skim milk for 
30 minutes, and shaken in the same buffer containing 1/1000 
(v/v) of anU-harpirjp^ serum at room temperature overnight. 
As a secondary antibody was employed an anti-goat rabbit 
IgG peroxidase labeled conjugate (from MBL) or an anti- 
goat rabbit IgG alkaline phosphatase conjugate (from BIO- 



RAD) at the concentration of 1/1000 (v/v). As color devel- 
opment systems were employed HRP Color Development 
Reagent (from BIO-RAD), alkaline phosphatase substrate 
kit II (from Vector Laboratories). The amounts of the protein 
expressed were calculated by comparison with the color 
development of the harpin^ sample of a known concentra- 
tion, by using a densitometer (model GS-670, from BIO- 
RAD). Some of the results of the Western analysis of the T 0 
generation is shown in FIG. 2, and the whole results are 
summarized in Table 1. 

[0054] The expression level is shown in four stages (+++, 
++, +, -), which show 0.1% or more of the total soluble 
proteins (+++), 0.05 to 0.1% (++), 0.05% or less (+) and 
below the detection limitation (-) in the amount of expres- 
sion, respectively. This is true also in Tables 2, 3 and 4 to be 
described later. 

TABLE 1 



Results of the Western Analysis of the Tobacco T n Generation 
Number of 

re-generated Expression level of Harpin^.* 

Construct individuals - + +-f +++' 

PALS-hrpZ 10 18 10 

PALL-hrpZ 16 2 10 4 0 

35S-hrpZ 15 6 2 1 6 

SRI 3 0 0 0 



"Each numerical value shows the cumber of individuals showing each 
expression level. 

b Tne expression level of harpin^,, is shown in four stages (+++: particu- 
larly high expression, ++: high expression, +: moderate to poor expression, 
-: below the detection limitation). 

[0055] In the case of the constructs having a PAL pro- 
moter, the accumulation of harpin pss was detected in 80% or 
more of individuals. As anticipated, PALL had a larger 
proportion of high -expression individuals (++) than PALS. 
On the other hand, in the case of the construct having a 35S 
promoter, though no accumulation of harpuL^ was detected 
in 6 individuals of the 15 individuals, nigh-expression 
individuals were obtained in 7 individuals, near half of the 
total individuals. Besides, a very high expression (+++) was 
shown in 6 individuals. Interestingly, no morphological 
change was observed in the organ of any of a leaf, a stem, 
a root or a flower of these high-expression individuals, and 
seed fertility was normal in almost all of them. 

[0056] 2) Western Analysis of the T a Generation and 
Disease Resistance Assay 

[0057] Reaction to powdery mildew fungus (Erysiphe 
cichoracearum) was analized in about 8 lines of KH1-2 
(PALS-hrpZ), KC6-7 (PALL-hrpZ), KC8-1 (PALL-hrpZ), 
KK1-1 (35S-hrpZ), KK3-8 (35S-hrpZ), KK4-2 (35S-hrpZ), 
KK4-3 (35ShrpZ), KK7-6 (35S-hrpZ), in which the amount 
of harpirip^ accumulated was high in the T 0 generation. 

[0058] Tobacco individuals in which harpin^ was accu- 
mulated at a high level in the T 0 generation were selected, 
and seeds of self-pollinated next generation (T 2 ) thereof 
were obtained. The seeds were sowed and observed for 
about two months, but no visual morphological change was 
observed for this period; they grew normally in the same 
manner as the To generation, and no hypersensitive response 
was observed on the surface of a leaf. Then, powdery 
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mildew fungi were sprayed to inoculate upon the Tj gen- 
eration of the transgenic tobacco of the 4 or 5 leaf stage and 
a disease resistance assay was performed. About 2 L of a 
suspension of powdery mildew fungi spores (1.4x106 
spores/ml) was spray -inoculated to 244 recombinants and 41 
original individuals. As a result, hypersensitive-response- 
like localized necrosis spots were induced onto a lower leaf 
of the recombinant 4 or 5 days after inoculation (FIG. 3A, 
B). Surprisingly, not only in the case of the PAL-hrpZ 
constructs but also in the case of the 35S-hrpZ constructs 
employing a constitutive promoter, specific localized necro- 
sis spots were induced after the pathogen infection (FIG. 
3B). The expression frequency of localized necrosis spots on 
the 5th day after the inoculation was about 5% in the 
non-transformants, but the frequency was from 6 to 14 times 
grater in the 35S-hrpZ construct (30 to 71%), from 4 to 5 
times greater in the PAL-hrpZ constructs (20 to 27%) (Table 
2), and thereafter, in the case of the PAL-hrpZ constructs, the 
number of local necrosis spots gradually increased. This was 
assumed to be due to the response of the PsPALl promoter 
to Erysiphe cichoracearum. Though the amount of harpin^ 
accumulated and the degree of the formation of localized 
necrosis spots tended to be positively correlative (Table 3), 
there were some exceptional transformants in which no 
accumulation of harpin^ was detected at least in our West- 
ern analysis but localized necrosis spots occurred. 

[0059] Next, in order to examine whether the localized 
necrosis spots having occurred after the powdery mildew 
infection were related to disease resistance, the symptom of 
powdery mildew on the 11th day after the inoculation 
thereof was examined. As a result, while there existed no 
individual in which the spread of powdery mildew hyphae 
was prevented in the non-transformants, from 15 to 57% 
individuals in the case of 35S-hrpZ constructs and from 13 
to 18% individuals in the case of PAL-hrpZ constructs 
showed apparently less significant symptom as compared to 
the non-transformants (FIG. 4, Table 2). The prevenstion of 
that the spread of powdery mildew was observed not only in 
leaves with localized necrosis spots but also in middle or 
upper leaves with no localized necrosis spots, and this is 
thought to be due to systemic acquired resistance (SAR). As 



a result of observing the hyphae of powdery mildew by 
cotton blue dyeing, the hyphae of powdery mildew extended 
sharply and spread around the surface in infested leaves of 
the SRI of the original line as a control, whereas, though 
haustorium is formed on the surface of a leaf in the trans- 
formants, the spreading of hyphae was prevented and 
stopped halfway. The promoters employed in the present 
studies are 35S promoter (constitutive) and PAL promoter 
(inducible); and it was found that when 35S promoter was 
employed instead of PAL promoter, the frequency of local- 
ized necrosis spots was higher, and it was further found that 
at least according to examination on the 11th day after 
inoculation, more individuals with a strong disease resis- 
tance were obtained (Table 2). However, it was observed 
that, in the case of employing the 35S promoter, the local- 
ized necrosis spots formed in response to the pathogen 
became larger (occupying 10% or more of the leaf area) in 
some individuals, and as a result, lower leaves died out. In 
addition, inversely, in some individuals with harpin^ accu- 
mulated therein, localized necrosis spots were not observ- 
able by the naked eye (Table 2), but some of such individuals 
had resistance to powdery mildew (of individuals with - of 
localized necrosis spots in Table 2, individuals of the num- 
ber in parentheses; the amount of harpin^, expressed is ++ 
in all). This is thought to be probably due to the occurrence 
of a hypersensitive response in very small range, and it is 
possible that a disease -resistant plant with a high practica- 
bility can be obtained by the selection of such individuals. 
According to the fact that no localized necrosis spot 
occurred without the invasion of the pathogen even in the 
case where the transription of hrpZ gene was controlled with 
a constitutive promoter, it is possible to deduce that, since 
harpin^ was recognized on the outside of a transmembrane 
or cell wall of plant cells, probably harpin^,, accumulated in 
cytoplasm was not recognized for plant cells till the degra- 
dation of cells due to the invasion of the fungi, and as a 
result, it caused a hypersensitive response after the inocu- 
lation of the pathogen. Another possibility may be that the 
elicitor activity of harpin^,, requires the existence of some 
other factors derived from the pathogen or the plant, induced 
by the inoculation of the pathogen. 



TABLE 2 



Relationship among the Amount of harpin^ Accumulated, the Formation of 
Localized Necrosis Spots and Disease Resistance of the Tobacco T x Generation 

Expression level Number of 

Line Name Construct (T D ) individuals analyzed fTj 



KH1-2 


PALS-hrpZ 


++ 


18 


KC6-7 


PALL-hrpZ 


++ 


43 


KC8-1 


PALL-hrpZ 


++ 


44 


KK1-1 


35S-hrpZ 


+++ 


23 


KK3-8 


35S-hrpZ 


+++ 


33 


KK4-2 


35S-hrpZ 


++ 


35 


KK4-3 


35S-hrpZ 


+++ 


7 


KK7-6 


35S-hrpZ 


+++ 


41 


SRI 


(control) 




41 
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TABLE 2-continued 



Relationship among the Amount of haipiiip,. Accumulated, the Formation of 
Localized Necrosis Spots and Disease Resistance of the Tobacco T\ Generation 



Number of individuals with 

localized necrosis spots 
(Number of individuals with 
less progress of disease spots) 



Rate of individuals 
with localized 
necrosis spots 
(5th day after 



Rate of individuals 
with less progress 
of disease spots 
(11th day after 



Line Name 


+++ 


++ 


+ 




inoculation) 


inoculation) 


KH1-2(PALS) 


0 


0 


5(3) 


13(0) 


27% 


16% 


KC6-7(PALL) 


0 


1(1) 


8(6) 


34(1) 


20% 


18% 


KC8-1(PALL) 


0 


1(0) 


11(5) 


32(1) 


27% 


13% 


KK1-1(35S) 


0 


0 


7(3) 


16(1) 


30% 


17% 


KK3-8(35S) 


0 


2(0) 


11(5) 


20(0) 


39% 


15% 


KK4-2(35S) 


1(1) 


4(3) 


15(6) 


15(0) 


57% 


28% 


KK4-3(35S) 


0 


3(3) 


2(1) 


2(0) 


71% 


57% 


KK7-6(35S) 


1(1) 


4(4) 


18(4) 


18(1) 


56% 


24% 


SRI (control) 


0 


0 


2(0) 


39(0) 


5% 


0% 



"The degree of localized necrosis spots is shown in four stages (+++: very high, ++: high, 
+: low, -: nil). 



[0060] 



TABLE 3 



Relationship between the Expression level of Harping, and the Number 
of Localized Necrosis Spots in the Tobacco T T Generation 



Expression level 
of harping* 

(Western analysis) 



Incidence of 
localized 

Degree of localized necrosis spots 1 * necrosis 



spots 



+++ 


1 


4 


19 


19 


56% 


++ 


0 


5 


32 


77 


32% 


+ 


1 


6 


18 


38 


40% 




0 


1 


5 


18 


25% 


SRI 


0 


0 


2 


39 


5% 



"The expression level of harpin^ is shown in four stages (+++: particu- 
larly high expression, ++: high expression, +: moderate to poor expression, 

below the detection limit) (SRI, -). 
t The degree of localized necrosis spots is shown in four stages (+++: great 
many, ++: many, +: few, -: nil). 

[0061] (2) Transgenic Rice 

[0062] 1) Western Analysis of the T 0 Generation . 

[0063] Harping was introduced into a rice variety, Tsuki- 
nohikari. 35 individuals of the regenerated plant were 
obtained from the 35S-hrpZ construct, and 26 individuals of 
the regenerated plant were obtained from the PPDK-hrpZ 
construct There was observed no remarkable difference 
between the constructs in transformation efficiency. Western 
analysis was performed on the primary generation (T G ) of 
the transformation and individuals with a high expression 
were selected. 

[0064] Protein was extracted from the regenerated trans- 
genic rice (Tsukinohikari) in the same manner as in the 
example of the tobacco and subjected to Western analysis. 
The results of Western analysis of the T 0 generation are 
shown in Table 4. 



TABLE 4 



Results of the Western Analysis of the T 0 Generation of Rice 
(TsukinohikarfJ 

Number of regenerated Expression level of harpin^* 

Construct individuals + ++ +++ b 



3SS-hrpZ 
PPDK-hrpZ 



35 
26 



17 5 13 
9 13 4 



"Each numerical value shows the number of individuals showing each 
expression level. 

The Expression level of harpin^ is shown in four stages (+++: particu- 
larly high expression, ++: high expression, +: moderate to poor expression, 
below the detection limit). 

[0065] In the case of the rice (Tsukinohikari), similar to 
the case of the tobacco, individuals with a high-expression 
of harpin^ were obtained (see also FIG. 2). In the case of 
a construct having a 35S promoter, the accumulation of 
harpin was detected in about half of the individuals, and the 
rate ofTligb -expression individuals (++) was about one-third 
or more of the whole. Also, in the case of a PPDK promoter 
the accumulation of harpinp,. was detected in about two- 
thirds of the individuals, and of them, 4 individuals showed 
a high expression. Interestingly, no morphological change 
was observed in the organ of any of a leaf, a root or a flower 
of these high-expression individuals. And seed fertility was 
normal in almost all of them, and T a seeds of high-expres- 
sion individuals could be obtained. 

[0066] 2) Western Analysis of the T 0 Generation and the 
Disease Resistance Assay of the T 2 Generation 

[0067] Next, harpin^ was introduced into Koshihikari, 
one of the most important varieties of rice of Japan. The 
results of the Western analysis of the T 0 generation are 
shown in Table 5. 
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TABLE 5 



Results of the Western Analysis of the T 0 Generation of Rice 
(Koshihikari) 

Number of regenerated Expression level of harpin^.' 

Construct individuals - + ++ +++ b 



35S-hrpZ 
PPDK-hrpZ 



78 
27 



18 
7 



33 
13 



21 
7 



"Each numerical value shows the number of individuals showing each 
expression level. 

b Tne expression level of harpin^, is shown in four stages (+++: amount of 
accumulation of 0.5% or more to the total soluble leaf proteins, ++: 
amount of accumulation of from 0.1 to 0.5%, +: amount of accumulation 
of from 0.01 to 0.1%, -: below the detection limit). 

[0068] Of the individuals of the T 0 generation with the 
35ShrpZ construct introduced thereinto, four individuals 



house were set at 25° C. under light conditions for 16 hours, 
and at 22° C. under dark conditions for 8 hours. The 
evaluation of disease resistance was performed by visually 
counting the number of progressive disease spots on the 5th 
leaf at 6th day after the inoculation, said leaf being the 
topmost development leaf at the time of inoculation. Sig- 
nificant differences among the results were evaluated 
according to the Mann-Whitney U test. 

[0069] As a result, though no localized necrosis spot due 
to the inoculation of the blast fungi was observed, the 
average number of progressive disease spots was reduced by 
24 to 38% relative to the control Koshihikari in three lines 
(hrp5-8, hrp42-9, hrp23-5) out of the four lines of the 
harpirip^-introduced rice. Moreover, this reduction was sta- 
tistically significant (Table 6). The above results show that 
the disease resistance of rice could be increased by the 
introduction of harpin^. 



TABLE 6 



Results of the Disease Test against Rice Blast of the Four Lines of Harpin - 






Intorduced Rice CT a Generation) 






Number of 


Number of average 






tested 


progressive disease spots - 




Strain 


individuals 


(standard error) 


Significant Test b 


hrp5-8 


16 


93 (±1.0) 


significant 








(significance level 1%) 


hrp23-5 


21 


11.4 (±1.3) 


significant 








(significance level 5%) 


hrp24-l 


20 


14.4 (±1.4) 


No significant difference 


hrp42-9 


14 


9.4 (±1.4) 


significant 








(significance level 1 %) 


Koshihikari 


64 


15.0 (±0.7) 





"Results of the Sth leaf on the 6th day after inoculation 
Significant difference to Koshihikari in the Mann- Whitney U test 



showning a large amount (+++ in Table 5) of the accumu- 
lation of harpin^ (hrp5-8, hrp23-5, hrp24-l, hrp429) were 
selected, and their vulnerability to rice blast in the T a 
generation was examined. The seed fertility of the selected 
four high-expression individuals was normal, and many 
self-fertilized seeds could be obtained. T t seeds were sowed 
in a seedling case with culture soil in a manner of 8 seedsx2 
rows, cultivated in a greenhouse, and subjected to a disease 
assay at the 4.8 to 5.2 leaf stage. As a rice blast fungus 
(Magneporthe grisea) was employed race 007. For inocu- 
lation, a conidium formed by culturing the blast fungi on an 
oatmeal sucrose agar medium at 28° C. under dark condition 
and then, after the spread of the fungi, at 25° C, irradiating 
near ultraviolet light for three days was employed. The 
inoculation of the blast fungi was performed by spray- 
inoculating 30 ml of a suspension adjusted to 1.5x10 s 
condia/ml in 0.02% Tween 20 per three seedling cases. The 
spray-inoculated rice was held in a moistening incubator 
(SLPH-550-RDS, manufactured by Nippon Medical & 
Chemical Instruments Co. Ltd.) for 24 hours after the 
inoculation at 25° C. at a humidity of 100%, and then 
transferred into the greenhouse. The conditions of the green- 



[0070] As a result of the present invention, it has become 
apparent for the first time that disease resistance can be 
imparted to a plant by connecting a gene enconding harpin 
to a constitutive promoter or an inducible promoter and 
introducing the gene into the plant. This harpinin-introduced 
plant is thought to be useful for explicating the function of 
harpin as a protein elicitor, and also for explicating the 
mechanism of localized or systemic acquired resistance. In 
addition, it is revealed that the production of a harpin- 
introduced resistant plant, which has been thought to be 
difficult without the use of an inducible promoter, can 
sufficiently be realized by employing a constitutive pro- 
moter, and the extension of the application range of the 
present approach can be shown. The present invention 
shows that a method for producing a disease-resistant plant 
by integrating a DNA sequence encoding a harpin into an 
expression cassette comprising a sequence of an appropriate 
constitutive, or organ- or phase-specific promoter capable of 
functioning in a plant cell, or a promoter induced with stress 
or pests, and a sequence of a terminator capable of func- 
tioning in a plant cell, and introducing it into the plant cell 
to obtain a regenerated individual is a useful and effective 
approach in view of genetic engineering. 
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SEQUENCE LISTING 

<160> NUMBER OF SEQ ID NOS: 7 

<210> SEQ ID NO 1 
<211> LENGTH: 1029 
<212> TYPE: DNA 

<213> ORGANISM: Pseudomonas syringae pv. syringae LOB2-1 
<400> SEQUENCE: 1 

atg cag ogt etc agt ctt aac age age teg ctg caa ace ccg gca atg 4 8 

Met Gin Ser Leu Ser Leu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 
1 5 10 15 

gec ctt gtc ctg gta cgt cct gaa aec gag acg act ggc gec agt acg 96 
Ala Leu Val Leu Val Arg Pro Glu Thr Glu Thr Thr Gly Ala Ser Thr 

20 25-30 

teg age aag gcg ctt cag gaa gtt gtc gtg aag ctg gec gag gaa ctg 14 4 

Ser Ser Lys Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu 
35 40 45 

atg cgc aat ggt caa etc gac gac age teg cca ttg ggc aaa ctg ctg 19 2 

Met Arg Asn Gly Gin Leu Asp Asp Ser Ser Pro Leu Gly Lys Leu Leu 
50 55 60 

gec aag teg atg gec gcg gat ggc aag gca ggc ggc ggt ate gag gat 24 0 

Ala Lys Ser Met Ala Ala Asp Gly Lys Ala Gly Gly Gly lie Glu Asp 
65 70 75 80 

gtc ate get gcg ctg gac aag ctg att cat gaa aag ctg ggt gac aac 28 8 

Val lie Ala Ala Leu Asp Lys Leu He His Glu Lys Leu Gly Asp Asn 
85 90 95 

ttc ggc gcg tct gcg gac aac gee teg ggt acc gga cag cag gac ctg 336 
Phe Gly Ala Ser Ala Asp Aen Ala Ser Gly Thr Gly Gin Gin Asp Leu 
100 105 110 

atg act cag gtg etc agt ggc ctg gec aag tct atg etc gat gat ctt 38 4 

Met Thr Gin Val Leu Ser Gly Leu Ala Lys Ser Met Leu Asp Asp Leu 
115 120 125 

ctg acc aag cag gat ggc ggg gca age ttc tec gaa gac gat atg ccg 432 
Leu Thr Lys Gin Asp Gly Gly Ala Ser Phe Ser Glu Asp Asp Met Pro 
130 135 140 

atg ctg aac aag ate gcg cag ttc atg gat gac aat ccc gca cag ttt 480 
Met Leu Asn Lys He Ala Gin Phe Met Asp Asp Asn Pro Ala Gin Phe 
145 150 155 160 

ccc aag ccg gac teg ggt tec tgg gtg aac gaa etc aag gaa gac aac 528 
Pro Lys Pro Asp Ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn 
165 170 175 

ttc ctt gat ggc gac gaa acg get gcg ttc cgc teg gca etc gac ate 576 
Phe Leu Asp Gly Asp Glu Thr Ala Ala Phe Arg Ser Ala Leu Asp He 
180 185 190 

att ggc cag caa ctg ggt aat cag cag agt ggc get ggc ggt ctg gcg 624 
He Gly Gin Gin Leu Gly Asn Gin Gin Ser Gly Ala Gly Gly Leu Ala 
195 200 205 

ggg acg ggt gga ggt ctg ggc act ccg age agt ttt tct aac aac teg 672 

Gly Thr Gly Gly Gly Leu Gly Thr Pro Ser Ser Phe Ser Asn Asn Ser 

210 215 220 

i 

tec gtg acg ggt gat ccg ctg ate gac gee aat acc ggt ccc ggt gac 720 

Ser Val Thr Gly Asp Pro Leu He Asp Ala Asn Thr Gly Pro Gly Asp 
225 230 235 240 

age ggc aat age agt ggt gag gcg ggg caa ctg ate ggc gag ctt ate 768 
Ser Gly Asn Ser Ser Gly Glu Ala Gly Gin Leu He Gly Glu Leu He 
245 250 255 
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-continued 



gac cgt ggc ctg caa teg gta ttg gec ggt ggt gga ctg ggc aca ccc 816 
Asp Arg Gly Leu Gin Ser Val Leu Ala Gly Gly Gly Leu Gly Thr Pro 
260 265 270 

gta aac acc ccg cag acc ggt acg gcg gcg aat ggc gga cag tec get 86 4 

Val Asn Thr Pro Gin Thr Gly Thr Ala Ala Asn Gly Gly Gin Ser Ala 
275 280 285 

cag gat ctt gac cag ttg ctg ggc ggc ttg ctg etc aag ggc ctt gaa 912 
Gin Asp Leu Asp Gin Leu Leu Gly Gly Leu Leu Leu Lys Gly Leu Glu 
290 295 300 

gcg acg etc aag gat gec ggt caa acc get acc gac gtg cag teg age 96 0 

Ala Thr Leu Lys Asp Ala Gly Gin Thr Ala Thr Asp Val Gin Ser Ser 
305 310 315 320 

get gcg caa ate gec acc ttg ctg gtc agt acg ctg ctg caa ggc acc 1008 
Ala Ala Gin lie Ala Thr Leu Leu Val Ser Thr Leu Leu Gin Gly Thr 
325 330 335 

cgc aat cag get gca gec tga 102 9 

Arg Asn Gin Ala Ala Ala 
340 



<210> SEQ ID NO 2 
<211> LENGTH: 342 
<212> TYPE: prt 

<213> ORGANISM: Pseudomonas syringae pv. syringae LOB2-1 
<400> SEQUENCE: 2 

Met Gin Ser Leu Ser Leu Asn Ser Ser Ser Leu Gin Thr Pro Ala Met 
1 5 10 15 

Ala Leu Val Leu Val Arg Pro Glu Thr Glu Thr Thr Gly Ala Ser Thr 
20 25 30 

Ser Ser Lys Ala Leu Gin Glu Val Val Val Lys Leu Ala Glu Glu Leu 
35 40 45 

Met Arg Asn Gly Gin Leu Asp Asp Ser Ser Pro Leu Gly Lys Leu Leu 
50 55 60 

Ala Lys Ser Met Ala Ala Asp Gly Lys Ala Gly Gly Gly lie Glu Asp 
65 70 75 80 

Val lie Ala Ala Leu Asp Lys Leu lie His Glu Lys Leu Gly Asp Asn 
85 90 95 

Phe Gly Ala Ser Ala Asp Asn Ala Ser Gly Thr Gly Gin Gin Asp Leu 
100 105 110 

Met Thr Gin Val Leu Ser Gly Leu Ala Lys Ser Met Leu Asp Asp Leu 
115 120 125 

Leu Thr Lys Gin Asp Gly Gly Ala Ser Phe Ser Glu Asp Asp Met Pro 
130 135 140 

Met Leu Asn Lys lie Ala Gin Phe Met Asp Asp Asn Pro Ala Gin Phe 
145 150 155 160 

Pro Lys Pro Asp Ser Gly Ser Trp Val Asn Glu Leu Lys Glu Asp Asn 
165 170 175 



Phe Leu Asp Gly Asp Glu Thr Ala 
180 

f 

lie Gly Gin Gin Leu Gly Asn Gin 
195 200 

Gly Thr Gly Gly Gly Leu Gly Thr 
210 215 



Ala Phe Arg Ser Ala Leu Asp lie 
185 190 

Gin Ser Gly Ala Gly Gly Leu Ala 
205 

Pro Ser Ser Phe Ser Asn Asn Ser 
220 



Ser Val Thr Gly Asp Pro Leu lie Asp Ala Asn Thr Gly Pro Gly Asp 
225 230 235 240 
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-continued 



Ser Gly Aen Ser Ser Gly Glu Ala 
245 

Asp Arg Gly Leu Gin Ser Val Leu 
260 

Val Asn Thr Pro Gin Thr Gly Thr 
275 280 

Gin Asp Leu Asp Gin Leu Leu Gly 
290 295 

Ala Thr Leu Lys Asp Ala Gly Gin 
305 310 

Ala Ala Gin lie Ala Thr Leu Leu 

325 

Arg Asn Gin Ala Ala Ala 
340 



Gly Gin Leu lie Gly Glu Leu lie 
250 255 

Ala Gly Gly Gly Leu Gly Thr Pro 
265 270 

Ala Ala Asn Gly Gly Gin Ser Ala 
285 

Gly Leu Leu Leu Lys Gly Leu Glu 
300 

Thr Ala Thr Asp Val Gin Ser Ser 
315 320 

Val Ser Thr Leu Leu Gin Gly Thr 
330 335 



<210> SEQ ID UO 3 
<211> LENGTH: 30 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Synthetic primer derived from Pseudomonas 
syringae pv. Syringae 61 

<400> SEQUENCE: 3 

aaaatctaga atgcagagtc tcagtcttaa 3 0 



<210> SEQ ID NO 4 
<211> LENGTH: 30 
<212> TYPE : DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Synthetic primer derived from Pseudomonas 
syringae pv. Syringae 61 

<400> SEQUENCE: 4 

aaaagtcgac tcaggctgca gcctgattgc 30 



<210> SEQ ID NO 5 
<211> LENGTH: 32 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Synthetic primer derived from the reported 
PSPAL1 promoter 

<400> SEQUENCE: 5 

ggggtctaga attgatacta aagtaactaa tg 32 



<210> SEQ ID NO 6 
<211> LENGTH: 32 
<212> TYPE : DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Synthetic primer derived from the reported 
PSPAL1 promoter 

<400> SEQUENCE: 6 

ttggaagctt agagatcatt acgaaattaa gg 32 



<210> SEQ ID NO 7 
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-continued 



<211> LENGTH: 29 
<212> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 

<223> OTHER INFORMATION: Synthetic primer derived from the reported 
PS PALI promoter 

<400> SEQUENCE: 7 

ctaaaagctt ggtcatgcat ggttgcttc 29 



1. A transgenic, disease-resistant plant which has been 
transformed with an expression cassette comprising: 

a promoter capable of promoting a constitutive, inducible, 
or organ- or phase -specific gene expression; and 

a gene, under the control of said promoter, encoding an 
elicitor protein; 

wherein said plant is capable of effecting the constitutive, 
inducible, or organ- or phase -specific expression of the 
elicitor protein in an amount effective for inducing a 
defense reaction. 

2. A transgenic, disease -resistant plant as claimed in claim 

1, wherein said promoter capable of promoting a constitu- 
tive, inducible, or organ- or phase-specific gene expression 
and said gene, under the control of said promoter, encoding 
an elicitor protein, are integrated into the genome. 

3. A transgenic, disease-resistant plant as claimed in claim 
1 or 2, wherein said elicitor protein is a protein possessing 
a hypersensitive-response-inducing activity against disease 
microorganisms. 

4. A transgenic, disease -resistant plant as claimed in claim 
3, wherein said protein possessing a hypersensitive-re- 
sponse-inducing activity is selected from: 

(a) a protein consisting of the amino acid sequence of 
SEQ. ID No. 2; 

(b) a protein consisting of an amino acid sequence derived 
from the amino acid sequence of SEQ. ID No. 2 by 
deletion, substitution, addition or insertion of one or 
more amino acids, and possessing a hypersensitive- 
response-inducing activity; and 

(c) a protein consisting of an amino acid sequence being 
at least 50% homologous to the amino acid sequence of 
SEQ. ID No. 2, and possessing a hypersensitive-re- 
sponse-inducing activity. 

5. A transgenic, disease-resistant plant as claimed in claim 

2, wherein said gene encoding an elicitor protein is selected 
from: 

(a) a DNA molecule consisting of the nucleotide sequence 
of SEQ. ID No. 1; 

(b) a DNA molecule consisting of a nucleotide sequence 
; derived from the nucleotide sequence of SEQ. ID No. 
• 1 by deletion, substitution, addition or insertion of one 

or more nucleotides, and encoding a protein possessing 
a hypersensitive-response-inducing activity; 

(c) a DNA molecule consisting of a nucleotide sequence 
being hybridizable with a DNA molecule consisting of 
the complementary nucleotide sequence to the nucle- 
otide sequence of SEQ. ID No. 1 under stringent 



conditions* and encoding a protein possessing a hyper- 
sensilive-response-inducing activity; and 

(d) a DNA molecule consisting of a nucleotide sequence 
being at least 50% homologous to the nucleotide 
sequence of SEQ. ID No. 1, and encoding a protein 
possessing a hypersensitive-response-inducing activity. 

6. A method for producing a transgenic, disease-resistant 
plant capable of effecting a constitutive, inducible, or organ- 
or phase-specific expression of an elicitor protein in an 
amount effective for inducing a defense reaction, comprising 
the steps of: 

(a) obtaining a transgenic plant cell with an expression 
cassette comprising a promoter capable of promoting a 
constitutive, inducible, or organ- or phase -specific gene 
expression and a gene, under the control of said pro- 
moter, encoding an elicitor protein; and 

(b) reconstructing, from said transgenic plant cell, a 
complete plant. 

7. An expression cassette for producing a transgenic, 
disease-resistant plant capable of effecting a constitutive, 
inducible, or organ- or phase-specific expression of an 
elicitor protein in an amount effective for inducing a defense 
reaction, comprising at least: 

(a) a promoter capable of promoting a constitutive, induc- 
ible, or organ- or phase-specific gene expression; and 

(b) a gene, under the control of said promoter, encoding 
the elicitor protein. 

8. An expression cassette as claimed in claim 7, wherein 
said elicitor protein is a protein possessing a hypersensitive - 
response -inducing activity against disease microorganisms. 

9. An expression cassette as claimed in claim 8, wherein 
said protein possessing a hypersensitive-response-inducing 
activity is selected from: 

(a) a protein consisting of the amino acid sequence of 
SEQ. ID No. 2; 

(b) a protein consisting of an amino acid sequence derived 
from the amino acid sequence of SEQ. ID No. 2 by 
deletion, substitution, addition or insertion of one or 
more amino acids, and possessing a hypersensitive - 
response -inducing activity; and 

(c) a protein consisting of an amino acid sequence being 
at least 50% homologous to the amino acid sequence of 
SEQ. ID No. 2, and possessing a hypersensitive-re- 
sponse-inducing activity. 

10. An expression cassette as claimed in claim 7, wherein 
said gene encoding an elicitor protein is selected from: 
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(a) a DNA molecule consisting of the nucleotide sequence 
of SEQ. ID No. 1; 

(b) a DNA molecule consisting of a nucleotide sequence 
derived from the nucleotide sequence of SEQ. ID No. 
1 by deletion, substitution, addition or insertion of one 
or more nucleotides, and encoding a protein possessing 
a hypersensilive-response-inducing activity; 

(c) a DNA molecule consisting of a nucleotide sequence 
being hybridizable with a DNA molecule consisting of 
the complementary nucleotide sequence to the nucle- 
otide sequence of SEQ. ID No. 1 under stringent 
conditions, and encoding a protein possessing a hyper- 
sensitive-response-inducing activity; and 

(d) a DNA molecule consisting of a nucleotide sequence 
being at least 50% homologous to the nucleotide 
sequence of SEQ. ID No. 1, and encoding a protein 
possessing a hypersensiuve-response-inducing activity. 

11. An expression cassette as claimed in any one of claims 
7-10 for producing a transgenic, systemic acquired disease- 
resistant plant. 

12. An expression cassette as claimed in any one of claims 
7-11, wherein said elicitor protein is expressed specifically 
at the time of infection of disease microorganisms in an 
amount effective for inducing a defense reaction. 

13. An expression cassette as claimed in claim 12, com- 
prising a constitutive, or organ- or phase -specific promoter. 

14. A recombinant vector carrying an expression cassette 
as claimed in any one of claims 7-13. 

15. A gene consisting of a DNA molecule selected from: 

(a) a DNA molecule consisting of the nucleotide sequence 
of SEQ. ID No. 1; 

(b) a DNA molecule consisting of a nucleotide sequence 
derived from the nucleotide sequence of SEQ. ID No. 
1 by deletion, substitution, addition or insertion of one 
or more nucleotides, and encoding a protein possessing 
a hypersensitive-response-inducing activity; 

(c) a DNA molecule consisting of a nucleotide sequence 
being hybridizable with a DNA molecule consisting of 
the complementary nucleotide sequence to the nucle- 
otide sequence of SEQ. ID No. 1 under stringent 
conditions, and encoding a protein possessing a hyper- 
sensitive-response-inducing activity; and 



(d) a DNA molecule consisting of a nucleotide sequence 
being at least 50% homologous to the nucleotide 
sequence of SEQ. ID No. 1, and encoding a protein 
possessing a hypersensitive-response-inducing activity. 

16. A gene encoding a protein selected from: 

(a) a protein consisting of the amino acid sequence of 
SEQ. ID No. 2; 

(b) a protein consisting of an amino acid sequence derived 
from the amino acid sequence of SEQ. ID No. 2 by 
deletion, substitution, addition or insertion of one or 
more amino acids, and possessing a hypersensitive- 
response-inducing activity; and 

(c) a protein consisting of an amino acid sequence being 
at least 97% homologous to the amino acid sequence of 
SEQ. ID No. 2, and possessing a hypersensitive-re- 
sponse-inducing activity. 

17. A protein selected from: 

(a) a protein consisting of the amino acid sequence of 
SEQ. ID No. 2; 

(b) a protein consisting of an amino acid sequence derived 
from the amino acid sequence of SEQ. ID No. 2 by 
deletion, substitution, addition or insertion of one or 
more amino acids, and possessing a hypersensitive - 
response -inducing activity; and 

(c) a protein consisting of an amino acid sequence being 
at least 97% homologous to the amino acid sequence of 
SEQ. ID No. 2, and possessing a hypersensitive-re- 
sponse-inducing activity. 

18. A transgenic, disease-resistant plant as claimed in any 
one of claims 1-5, which has been transformed with an 
expression cassette comprising a constitutive or inducible 
promoter; 

wherein said plant is a transgenic, powdery mildew- 
resistant tobacco. 

19. A transgenic, disease-resistant plant as claimed in any 
one of claims 1-5, which has been transformed with an 
expression cassette comprising a constitutive promoter; 

wherein said plant is a transgenic, blast-resistant rice. 
* # * # * 
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Jfhe opine synthase genes carried by Ti plasmids contain all signals 
Necessary for expression in plants 
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I Signals necessary for in vivo expression of Ti plasmid 
f:T-DNA-encoded octopine and nopaline synthase genes were 
F studied in crown gall tumors by constructing mutated genes 
I carrying various lengths of sequences upstream of the 5' in- 
ligation site of their mRNAs. Deletions upstream of position 
1-294 did not interfere with expression of the octopine syn- 
thase gene while those extending upstream of position — 170 
> greatly reduced the gene expression. The estimated size of the 
| octopine synthase promoter is therefore 295 bp. The maximal 
f length of 5' upstream sequences involved in the in vivo ex- 
pression of the nopaline synthase gene is 261 bp. Our results 
f also demonstrated that Ti plasmid-derived sequences contain 
flail signals essential for expression of opine synthase genes in 
^plants. Expression of these genes, therefore, is independent of 
I the direct vicinity of the plant DNA sequences and is not ac- 
tivated by formation of plant DNA and T-DNA border junc- 
ftion. 

SrKey words: Agrobacterium tumefaciensfXi plasmids/opine 
% synthase genes/promoter regions 



/Introduction 

| Crown gall, a neoplastic disease of dicotyledonous plants, 
| develops after infection of wounded tissue with Agrobac- 
\ ledum tumefaciens strains carrying large tumor-inducing (Ti) 
fc plasmids (Zaenen et aL, 1974; Van Larebeke et aL, 1974; 
| i Watson et aL, 1975). A well-defined segment (T-region) of 
fthe Ti plasmid is transferred and covalently integrated, 
j without rearrangements, in plant nuclear DNA (Chilton et 
[a/., 1977, 1980; Schell et aL, 1979; Thomashow et aL, 1980; 
iLemmers et aL, 1980; Zambryski et aL, 1980; Yadav et aL, 
1 1980; Willmitzer et aL , 1980). The transferred DNA (T-DNA) 
is transcribed (Drummond et aL, 1977; Willmitzer et aL, 
1981a; Gelvin et aL, 1981) by the host RNA polymerase II 
(WUlmitzer e/a/., 1981b). 

Transformed crown gall cells are capable of autonomous 
growth in the absence of exogenous phytohormones (Braun, 
1956). Moreover, these plant tumors synthesize a variety of 
low mol. wt, metabolites (termed opines) which are charac- 
teristic for Ti plasrnid-induced tumors (Bomhoff et aL, 1976), 
and can be specifically metabolized by agrobacteria growing 
on the incited tumors (Petite/ aL, 1970; Petit and Tempe, 
1978; Schell et aL, 1979; Tempe etaL, 1980). The Ti plasmids 
are currently classified into three groups according to the type 
of opine they induce in the kicked tumors as octopine, 
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nopaline or agropine Ti plasmids (Guyon et aL, 1980). 

The T-DNA in octopine tumors consists of two distin- 
guishable segments: TL-DNA and TR-DNA (Thomashow .et 
aL, 1980; De Beuckeleer et aL, 1981). TL-DNA, which is 
essential and sufficient for octopine crown gall formation, 
codes for eight polyadenylated transcripts, each expressed 
from an individual promoter (Gelvin et aL, 1982; Willmitzer 
et aL, 1982). One of these transcripts (transcript 3) was shown 
to code directly for the enzyme octopine synthase {Schroder 
et aL, 1981). The nucleotide sequence of this gene was 
elucidated and both the 5 ' and the 3 ' ends of the transcript 
were precisely identified by SI nuclease mapping (De Greve et 
a!., 1982). The 5' end of the transcript coding for octopine 
synthase is located close to the right border of TL-DNA at a 
distance of 350 - 400 bp. This gene is transcribed from right 
to left (Willmitzer et al^ 1982). 

The T-DNA of nopaline Ti plasmids codes for up to 13 
polyadenylated transcripts (Bevan and Chilton, 1982; Will* 
mitzer et aL, 1983). The region responsible for tumor main- 
tenance is highly homologous between octopine TL-DNA 
and nopaline T-DNA (Engler et aL, 1981). Transcripts and 
gene functions determined by this conserved 'core* region are 
common in octopine and nopaline tumors (Joos et aL, 1983; 
Willmitzer et aL , 1983). Two different opines were detected in 
nopaline tumors: agrocinopine (Ellis and Murphy, 1981) and 
nopaline (Petit et aL, 1970). Hie nopaline synthase gene has 
been localized by genetic and transcript mapping on Hindlll 
fragment 23 of plasmids pTiC58 and pTiT37 (Holsters et al., 
1980; Hemalsteens et aL, 1980; Joos et aL, 1983; WiDmitzer 
et aL, 1983). DNA sequencing of Hindlll fragment 23 localiz- 
ed the nopaline synthase gene {Depicker et aL, 1982) and the 
precise position of the right T-DNA borders within Hindlll 
fragment 23 (Zambryski et a!., 1982). 

To determine whether all signals essential for the expres- 
sion of the opine synthase genes in vivo are located between 
the 5' initiation site of the opine genes and the junction site 
with plant DNA or whether expression of these genes is ac- 
tivated by plant DNA sequences, we constructed octopine 
and nopaline synthase genes with different lengths of se- 
quences upstream of the 5 ' initiation site and reinserted them 
in the T-DNA of the Ti plasmids. This approach allowed us 
to delimit which sequences are important for the in vivo ex- 
pression of the octopine and nopaline synthase genes, and to 
demonstrate that the plasmid-derived sequences contain all 
signals necessary for expression in plants. 

Results 

Expression of the octopine synthase gene in nopaline tumors 
Construction of intermediate vectors pGV76I, pGV762 
and pGV763. The precise number of base pairs in the DNA 
region between the 5' initiation site of the octopine synthase 
transcript (De Greve et aL, 1982) and the right T-region 
border sequence (Holsters et aL, 1983) has been determined 
and was found to be 402 (Figure la). Therefore, sequences 
essential for the -expression of octopine synthase must either 
be located in this sequence, or activation of the promoter oc- 
curs by junction of the 5' end of the ocs gene with plant 
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To test which of these possibilities is valid, intermediate 
vectors containing the octopine synthase gene and different 
lengths of 5 '-flanking sequences (respectively -116 bp, 
- 168 bp and -292 bp from the transcription start; Figure 
la) were constructed and introduced into the nopaline Ti 
plasmid C58. If the first possibility is correct, these construc- 
tions should allow us to delimit the sequences involved in the 
in vivo expression of the octopine synthase gene. The dif- 
ferent steps in the construction of the intermediate vectors are 
outlined in Figure 2. , f 

Isolation of co-integrated Ti plasmids. As the homology 
region between plasmids pGV761, pGV762 and pGV763 
(Figure 1), and the nopaline Ti plasmid is only 750 bp, we en- 
visaged, to avoid problems of recombination, using the 
homology of 1270 bp between the amp gene located on 
pBR322 and the transposon Tn/ f inserted into the T-DNA of 
the nopaline Ti plasmid C58 (Joos et aL, 1983; Inze et al„ in 

Pr Fo^hC n purpose, we selected the plasmids pGV3300 and 
pGV3305. In pGV3300 a Tn/ is inserted in Hindlll fragment 
23 just outside the nopaline synthase gene, while in pGV3305 
the Tn/ insertion is located in the nopaline synthase gene. The 
intermediate vectors pGV761, pGV762 and pGV763 were 
mobilized from Escherichia coli to Agrobactenum strains 
GV3101 (pGV3300) and GV3101 (pGV3305) with the helper 
plasmids R&drdW and pGJ28 (Van Haute et aL, 1983). In 
all cases, Km R transconjugants were isolated with a frequency 
of 10 " 6 - 10 " 7 Several co-integrate plasmids resulting from 
a single cross-over were analyzed by DNA/DNA hybridiza- 
tion to confirm their physical structure (data not shown). 
Recombination always occurred within the homology region 
common to pBR322 and Tn7 . _ 

Properties of the co-integrated plasmids. Sunflower 
hypocotyls and tobacco W38 plants were inoculated with the 
Agrobactenum strains containing these different co- 
integrates. The different primary tumor tissues were subse- 
quently analyzed for octopine synthase activity (Otten and 
Schilperoort, 1978). No octopine synthase activity was 
detected in sunflower and tobacco tumors induced by the 
Agrobacterium strains containing the co-integrated plasmids 
pGV2290 (pGV3300::pGV761) and pGV2291 (pGV3305:: 
pGV761). Furthermore, in tumors induced by Agrobactenum 
strains containing the co-integrated plasmids pGV2292 



(pGV3300::pGV762) and pGV2293 (pGV3305::pGV762), 
again no detectable octopine synthase activity could be 
detected. On the contrary, in sunflower and tobacco tumors 
induced with Agrobacterium strains containing the co- 
integrated plasmids pGV2294 (pGV3300::pGV763) and 
pGV2295 (pGV3305::pGV763), octopine synthase acuvity 
was detected (Figure 3). The level of activity in these tumors 
was equal to that found in tumors induced by the Agrobac- 
terium strain C58C1 containing an octopine Ti plasmid 
(pTiBrSSSTraC). 

Expression of the nopaline synthase gene in octopinv tumors 
We have studied the expression of the nopaline synthase 
gene by a similar approach. DNA sequence analysis showed 
that the nopaline synthase gene is entirely encoded by the 
Hindlll fragment 23 of pTiC58 (Depicker et aL, 1982). Fur 
thermore, genomic blotting analysis of nopaline tumor tissue; 
(Lemmers et aL , 1980) showed that this Hindlll-23 fragrnen 
is a border fragment. Genomic clones isolated from diffcren 
nopaline tumor tissues (Zambryski et aL, 1980, 1982; Hoi 
sters et aL, 1982) allowed us to determine the exact end point 
of the T-DNA in crown gall lines. The right T-DNA/plan 
DNA border is located only 305 bp (Figure lb) from 
of the nopaline synthase transcript (Depicker et aL, 198-)- 
Construction and properties of pGV2253 and pGV2254 

Construction of intermediate vectors pGV705 an 
pOV706. To demonstrate that the expression of the nopalir 
synthase gene is independent of the formation of a junctic 
to plant DNA sequences, and that all sequences .involved : 
the in vivo expression of the nopaline synthase gene are pr 
sent between the start of the mRNA and the end ot t 
T-DNA, we constructed an intermediate vector in whicn u 
sequences between the Hindlll site and the Bed site (positK 
-261; Figure lb) of the Hindlll fragment 23 have be 
deleted and replaced by the Sm R gene of R702. This subsut 
tion deletes the 22-bp consensus sequence (position - * 
Figure lb) which is found at the ends of nopaline and 
topine T-regions, and which might play a key role in trie, 
tegration of the T-region into the plant genome (Zambr> a* 
al , 1980, 1982; Simpson et aL, 1982; Yadav et aL, w 
Holsters et aL, 1982, 1983). The construction of the snt 
mediate vector pGV705 is shown in Figure 4. 

pGV705 consists of £coRI fragment 12 of pTiAcaa 
which the internal Hindlll-lte fragment has been subsutu 
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ig. 2. Construction of intermediate vectors pGV762 and pGV763. The 
cd-C/al fragment of pKC7 containing the Km gene was ligated to Clal- 
gested pAGV828. After ligation and selection on ApKm plates, recom- 
nants were screened for the orientation of the Km-resistant fragment by 
xible digestion with Cla\ and BamHl. A recombinant plasmid pOV761 
as digested with BamHl and Clal, and ligated to the purified Hindlll* 
vnHl fragment of pGV717, which contains sequences 5' upstream of the 
owHI site at — 1 16 in the promoter region of the octopine synthase gene 
igure 1; Holsters et a/. t 1983), digested with either Taql or Hpall. By 
reerring recombinant plasmids for the presence of a Hpal site (Figure 1), 
3V762 and pGV763 were obtained. Abbreviations: A, Accl; B, BamHl; 
Clal; H, Hindlll; Hpl, Hpal: HpU, Hpall; P, Py/I; S, Sail; T, Taql. 

* the Hindill-Bcil fragment of the nopaline Hindlll frag- 
snt 23 joined to the BamHl-Hindlll fragment of plasmid 
1702 containing the Sm R gene. This Hindlll fragment in- 
ted in the other orientation in the EcoRl fragment 12, is 
lied pGV706. 

Isolation ofpGV2253 and pGV2254. The intermediate vee- 
rs pGV705 and pGV706 were mobilized from E, coii to 
\robacterium strain GV3000 carrying a transfer^constitutive 
1B6S3 plasmid with the help of the plasmids R64drdl 1 and 
rJ28 (Van Haute et aL % 1983). Streptomycin-resistant Agro- 
cerium strains were obtained in both cases with a joint 
nsfer and recombination frequency of 10 ~ 6 . The Sm- 
istant transconjugants were tested directly for Km sensitivi- 
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Fig, 3. Detection of octopine in tumors induced with Agrobacterium strains 
containing the mutant plasmids. 2 jtl of extracts of tumor tissue before 
(lanes 1, 3, 5) and after (lanes 2, 4, 6) 1 h incubation were spotted onto 
Whatman 3MM paper and subjected to electrophoresis. Lanes 1 and 2: ex- 
tracts obtained from tissue infected with Agrobacterium containing 
pGV2295; lanes 3 and 4: extracts obtained from tissue infected with Agro- 
bacterium containing pGV2294; lanes S and 6: extracts obtained from 
tissue infected with Agrobacterium containing pGV2254. 

ty. Three percent of the Sm R transconjugants were Km- 
sensitive and were double recombinants. The structure of two 
plasmids pGV2253 and pGV2254 was confirmed by DNA- 
DNA hybridization (data not shown). 

Properties of pGV2253 and pGV2254. Agrobacterium 
strain containing either pGV2253 or pGV2254 were used to 
incite tumors on tobacco plants. These tumors synthesize 
nopaline and octopine (Figure 3), but no mannopine or 
agropine could be detected. This observation indicates that 
the deletion substitution of the small Hindlll fragment 36a 
abolishes the synthesis of mannopine and agropine. 

Morover, since the sequences between the end of the 
nopaline T-DNA (position - 305) and the Bell site (position 
— 261) have been deleted and replaced by the Sm R gene of 
pR702, the 5 ' -flanking region of the nopaline synthase gene 
in this construction is separated from TR sequences located to 
the right (in pGV2253) or to the left (in pGV2254), by the 
Sm R insert fragment. Therefore, all the sequences involved in 
the in vivo expression of the nopaline gene must lie within the 
5 '-flanking region between the start of transcription and the 
Bcfl site (position -261). 

Discussion 

Most of the understanding of the regulatory events con- 
trolling gene expression in higher eukaryotes is derived from 
studies with animal viruses. Several eukaryotic promoters 
have been examined both by DNA sequencing and by in vitro 
and in vivo analysis of mutants. These studies have led to the 
identification of the so-called Goldberg-Hogness or TATA 
box, a signal that is involved in the precise positioning of 5' 
RNA ends of genes transcribed by RNA polymerase II 
(Breathnach and Chambon, 1981; Shenk, 1981). Although 
the TATA box seems to be both necessary arid sufficient for 
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Fig. 4. Construction of the intermediate vector pGVTOS^ P^ids ^ ^ 

mation, recombinants were selected on Ap/Sm plates. One of the PfZ^^Z 5 1 . was digested wth £toRl and ligated to EcoW 
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mobilized by pG J28 and R64rf«/1 1 . 
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Table I. Bacterial strains and plasmtds 



Antibiotic resistance Characteristics Dimension Origin 

(kb) 



Strain s 
E. coti 
K5I4 

A. tumtfaciens 

GV3101 

GV3105 

Plasm ids 

pKC7 

PGV0153 

pGV0201 

pGV0422 

pGV7G5 

pCV706 

pGV7I7 

pAGV828 

pGV761 

pCV762 

pGV763 

pGV33 

pHD115 

R702 

R64drdli 

pGJ28 

PGV3100 
pGV3300 
pGV3305 
pTiB6S3Tra c 



thr leu (hi hsdR 



Ap Km 
Ap 
Ap 
Ap 

Ap Km Sm 
Ap Km Sm 

Ap 
Ap 

Ap Km 
Ap Km 
Ap Km 
Ap Sm/Sp Su 
Tc 

Km Sm/Sp Tc Su Hg 
Tc Sm 

Km/Nra 



Ap 
Ap 



Rif* derivative of C58, cured for pTiC58 
Ery R Cml R derivative of C58, cured for pTiC58 



Hindill-BamHl of Tn5 in pBR322 5.8 

BamHl-S of pTiAch5 in pBR322 11.6 

H'mdiilA of pTiAch5 in pBR322 16.9 

Hmdlll-25 of pTiC58 in pBR322 7.6 

H'mdlll fragment containing the nos gene and 15 
Sm/Sp marker of R702 in EcoRI-12 

HindlXl fragment containing the nos gene and 15 
Sm/Sp marker of R702 in £coRI-12, but in 
opposite direction 

Hindlll-BamHl fragment of gel rGVl-I in 5-1 
pBR322 

BamHl-Smnl of pGV99 in pBR322 5.25 

Ctal-Acel of pKC7 in pAGV828 6.7 

Taql-Bamm of pGV717 in pGV761 635 

Hpal\-BamH\ of pGV717 in pGV76l 6.5 

3.5 kb BamHX fragment of R702 in pBR322 7.7 

£coRI-12 fragment of pTiAchS in pACY184 9.25 

P-type plasnud 69.0 

la-type plasmid, transfer-derepressecl derivative 109.0 
of R64 

Cda + Ida + CoID replicon carrying CoDEl mob 9.7 
and bom 

PHC58. derepressed for autotransfer 212 

pGV3I00::Tni 215 

pGV3100::Tn/ 215 

pTiB6S3, derepressed for autotransfer 192 



Colsonef at. (1965) 

Van Larebeke et at. (1974) 
Holsters et at. (1980) 



Rao and Rodgers (1979) 
De Vos et at. (1981) 
Dc Vos et aL (1981) 
Depicker et al, (1980) 
This work 

This work 

Holsters et al (1983) 

Herrera-Estrelia et al. 
(1983) 

This work 

This work 

This work 

J. Leemans 

J. Velten 

Hedges and Jacobs (1974) 
Meynell and Datta (1967) 

Van Haute et aL (1983) 

Holsters et at. (1980) 
JoQ&etat. (1983) 
D. Inze 

Petit et at. (1978) 



accurate initiation of transcription in vitro (Corden et al. y 
1980; Wasylyk et aL, 1980), regions further upstream are re- 
quired for efficient in vivo transcription (Grosschedl and 
Birnstiel, 1980; Benoist and Chambon, 1980; McKnight et 
aL, 1981; Grosveld et aL, 1982; Weiher et aL, 1983). Recent- 
ly, a detailed analysis of the promoter of the herpes simplex 
thymidine kinase (TK) gene (McKnight and Kingsbury, 1982) 
resulted in an identification of three essential regions within 
105 bp upstream of the RNA initiation site. 

In higher plants, on the contrary, little is known about se- 
quence signals controlling gene expression. In octopine and 
nopaline crown gall tumor tissues, the T-DNA is transcribed 
by RNA polymerase II (Willmitzer et aL, 1981a), and encodes 
a set of well-defined polyadenyiated transcripts. Therefore, 
the T-DNA genes can serve as models for defining transcrip- 
tional and translation^ control sequences in nuclear, protein- 
coding plant genes. In a first approach, we have attempted to 
determine which are the minimal 5' upstream sequences in- 



volved in the in vivo expression of these opine genes. Deletion 
of sequences upstream of position — 170 of the octopine syn- 
thase gene greatly reduces or abolishes the gene expression, 
while deletion of sequences upstream of position — 294 does 
not interfere with a wild-type level of gene expression. In this 
sequence of 125 bp an essential region controlling the expres- 
sion of the octopine synthase gene might be located. Also in 
the case of the nopaline synthase gene, the 5' sequences 
downstream of position -261 contain all the information 
necessary for the in vivo expression of this gene. Therefore, 
the estimated maximum size of the octopine and nopaline 
synthase gene promoters are 295 bp and 261 bp, respectively. 
Although the DNA sequences directly involved in the expres- 
sion of the opine synthase genes in plant cells are not defined 
in this study, and identification of these sequences could help 
in the elucidation of the mechanisms of plant cellular gene 
control, the results described above clearly demonstrate that 
the expression of octopine and nopaline synthase genes is 
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determined directly by their 5' upstream nanking segunwes 
and is independent of the direct vicinity of the plant DNA se- 
quences. 

Materials and methods 

Bacterial strains and plasmids 

Bacterial strains and plasmids are listed in Table I. 

Media and culture conditions 

Luna broih (LB) and minimal A (minA) media were as descnbed (M.Uer 
1972) Nitrogen-free medium for the use of cwopine or nopahne as sole 
SnsS2?*« as described (Bomhoff et al. , 1976). E. col, cultures were 
^w?a. 37-C and A. tumefaciens at 28'C. Anutaouc conceptions used 
to £ colt and A. tumefaciens were respectively carberualbn (Cb , 
WO M trc^omycta C5m). 20 *j/ml and 30C > ,*/ml ; ; spectmomycn (Sp>. 
Kml and 100^/ml; kanamycin (Km). 25 ,g/ai; nfampicin (Rif). 
^^r^roJn^cin (Ery). 50^/ml for Agrobaciertum; chloram- 
phenicol (Cml), 23 nS/ml for /Igrotecrenum. 
Ptasmid isolation 

Plasmids were prepared from £. cotf br ^\S^SSS^Tvm 
CsCl-ethidium bromide gradient of cleared SDS lysates (Betlach et a L, lWh 
Fo7 serening of recombinant plasmids, plasmid DNA was obtained from 
10 ml cultures as described (Klein et al. t 1980). 

DNA analysis . ... - 

Retraction enzyme analysis, agarose gel electrophoresis, conditions for 
DNr^n^d^formaUon of competent E. coli were as described 
rtWckaTo/ 1980). DNA fragments were extracted from low-gelling 
aSose^ ^described (Wieslander, 1979). Total DNA of Ti plasnud- 
^T>\n*A2roWerium strains was prepared, digested, separated on 
S^gd ^Srrdtrocellulose paper, and hybridized gainst racHo- 

S^combinant plasmids as described (Dhaese eV a/., 1979). 
Induction and culture of crown gall tumors 

Sterile 1-month-old tobacco plants (Wisconsin 38 or SRI) were decapitated 
^ Jr^rhfreshlv grown agrobacteria. Three weeks later, tumors were 
eS~1 T£555 * h— free Murashige and Skoog rr^ttrn 
^ and Skoog. 1962) containing sucrose ^ tfO g/I) and a5 mg^U 
HR756 (Hoechst A.G.). The tumor tissues, transferred every month were 
r^bacteria after three transfers, and were further cultivated on 
^o^U^e and Skoog medium. Sunflower hypocotyi segments 
were inoculated as described by Petit and Tempe (1978). 
Detection of opines in plant tumor tissue 

Qctomne and nopaiine detection. The presence of oaopine or nopalme in 
turn^ Sue^ ^d as described by Leemans et al, (1981). Octopme or 
no^Sn^ activity were determined in vitro according to Otten and 

^ ( IT mannopine detection Agropine 

detected in tumor tissue as described by Leemans et al. (1981). 
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Abstract 

When the secreted bacterial protein ChiA is expressed in transgenic tobacco, a fraction of "the protein 
^Wcosvlated and secreted from the plant cells; however most of the protem remains mside the cells 
wSS TvnethTthe efficiency of secretion could be improved by replacing the bactenal signal sequence 
witt, a ^t signal ^uence. V. found the signal sequence and the first two ammo acids of the PR b 
rlnauachS to the ChiA mature protein directs complete glycosylate and secretion of the ChiA 
fr^plS cell! Slycosylation of this protein is not required for its efficient secretion from plant cells. 



Introduction 

In eukaryotes most secreted proteins have been 
shown to possess a signal sequence of approxi- 
mately thirty amino acids at the N-terminus, 
which when recognized by the appropriate cellu- 
lar machinery leads to the translocation of the 
protein across the membrane of the endoplasmic 
reticulum [15]. Signal sequences show little 
homology at the amino acid level but do share 
common features including positive charge at the 
^ino-terminus, an internal stretch of hydro- 
Phobic amino acids, and a polar carboxy-terminal 
region which contains the cleavage site [22]. 
These features are conserved in the eukaryotic 
and prokaryotic kingdoms with some signal se- 
quences across kingdom boundaries [20,24]. 



We have shown previously that when the 
Serratia marcescens chiA gene (which codes for a 
secreted protein, ChiA) is expressed in tobacco 
cells, a fraction of the expressed protein is mod- 
ified bv the attachment of complex glycans and 
secreted from plant cells [ 12]. In this paper, we 
describe experiments directed towards improving 
secretion of ChiA by plant cells. We have tested 
whether secretion depends upon the presence of 
a N-tenninal signal sequence and if replacement 
of the signal sequence of ChiA with that of the 
tobacco PRlb protein increases secretion of the 
ChiA protein by plant cells. The secretion of 
mutated forms of ChiA lacking the consensus 
sequence for N-linked glycosylation was also in- 
vestigated. 



1 
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Materials and methods 

Plasmid construction 

The pChiA plant transformation series deriva- 
tives were all prepared in the binary plasmid 
pJJ2964. This plasmid contains T-DNA carrying 
an nptll gene driven by the nos promoter (to en- 
able selection of transformed tissue on kanamy- 
cin), and unique Bam HI and Hind III cloning 
sites. Manipulations on the chL4 gene were car- 
ried out with it cloned in the vector pUC118 as 
a fragment containing the cauliflower mosaic virus 
(CaMV) 35S promoter followed by a leader from 
the petunia Cab22L gene [6] ? upstream from the 
complete chiA gene from Serratia marcescens. 
Downstream from the chiA gene is a fragment 
carrying the polyadenylation signals from the 
Agrobacterium tumefaciens nopaline synthase 
(nos) gene. The chiA gene had the following mod- 
ifications to its sequence (7]: (1) a novel Nco I site 
at position + 1; (2) a novel Sma I site at position 
78; (3) the Sma I site present in the native se- 
quence at position 951 has been removed. Oligo- 
nucleotide-directed mutagenesis was used to 
make all these changes. The novel Nco I site 
changes the second amino acid in the signal pep- 
tide from Arg to Ala; the other changes have no 
effect on the protein sequence. 

To construct the plasmid pChiA, the Bgl 11- 
Hind III fragment from the pUC118 derivative 
described above was ligated into Bam HI- 
Hind Ill-cut pJJ2964. The plasmid pChiA-M was 
constructed following oligonucleotide loop-out 
mutagenesis of the chiA gene cloned in pUC118, 
which removed all the codons of the ChiA signal 
sequence (amino acids 2 to 23) except for the 
initiator methionine. The Bgl ll-Hind III fragment 
carrying the modified chiA gene and the plant 
expression signals was then ligated into pJJ2964 
as described for pChiA to form pChiA-M. 

The plasmid pPRSSChiA was constructed by 
synthesizing the codons for the PR lb signal 
sequence plus the first two amino acids of the 
mature PR 1 b protein as two complementary oligo- 
nucleotides, with a half Nco I site at the 5' end 
and a half Sma I site at the 3' end. This was 



ligated into the Nco I and Sma I sites at the 5' end 
of the chiA gene. pPRSSChiA was then con- 
structed by ligating the Bgl ll-Hind III fragment 
into pJJ2964, as described above for the other 
pChiA plasmids. 

To remove the glycosylation sites from the 
ChiA protein, the codons for amino acids at po- 
tential N-glycosylation sites (Asn-X-Ser/Thr) 
were identified on the DNA sequence, then 
oligonucleotide-directed mutagenesis was used to 
change the codon for the third amino acid in each 
site to alanine. All manipulations were carried out 
on the chiA gene cloned in pUC118 and all 
changes were verified by DNA sequence analysis. 
The plasmids pChiA-O and pPRSSChiA-G were 
then constructed; these are identical to pChiA 
and pPRSSChiA except that both contain all four 
of the site-directed mutations that remove the four 
consensus glycosylation sites. 

Plant cell tissue culture 

Plant transformations, establishment, mainte- 
nance and sampling of suspension cultures, and 
protoplast preparations were as described [12]. 
All plant transformations were carried out using 
Nicotiana tabacum cv. ^SRl. 



Protein extraction and measurement 

Protein extractions, electrophoresis and immuno- 
blotting of protein extracts were all carried out a: 
described [ 12], except that immunoblots were de 
veloped using an alkaline phosphatase conjugal 
in place of the horseradish peroxidase conjugate 
The buffer used for making protein extracts for ge 
and enzyme analysis contained 84 mM sodiun 
citrate. 32 mM sodium phosphate, 6 mM ascor 
bic acid, and 14 mM 0-mercaptoethanol, pH 5.5 



Nucleic acid analysis 

DNA manipulations were carried out as de 
scribed [13] or according to enzyme supplier: 
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instructions. RNA extraction from leaf tissue and 
rimer extension analysis for the quantification of 
J Seady-state RNA and confirmation of transcnp- 
ftion start sites was carried out as described [6]. 
[oimonucleotide-directed mutagenesis was by the 
Ueuiod of Kunkel [11]; all changes were con- 
firmed by DNA sequence analysis as descnbed 
ganger el al. [ 17]. Oligonucleotide primers for 
> mutagenesis and sequence analysis were made on 
C Applied Biosystems 381 A DNA synthesizer. 



Results 

To test whether the bacterial signal sequence of 
ChiA is required for plant cell secretion, we pre- 

' pared a deletion mutant of the chiA gene lacking 
region which specifies the codons of the sig- 

r nal sequence, pChiA-M (amino acids 2 to 23); the 
amino terminal of the resulting protein from 
pChiA-M is shown in Fig. 1. The ChiA protein 
was then expressed in plant cells with and with- 
out its signal sequence by transformation with the 
binary plasmids pChiA and pChiA-M. In paral- 
lel, to determine whether the fraction of ChiA 
secreted by tobacco cells could be increased by 
fusion to the signal sequence from a secreted plant 
protein, we constructed a translational fusion be- 
tween PRlb and the mature ChiA protein. We 
chose the tobacco PRlb protein as the source of 
a plant signal sequence because complete se- 
quence information was available for the PRlb 
gene and the extracellular location of the protein 
has been well studied. The portion of the chiA 
gene encoding the signal sequence of ChiA was 



replaced with that encoding the signal sequence 
from PRlb so that the resulting fusion protein 
contains the PRlb signal sequence plus the first 
two amino acids of the PRlb mature protein 
(Gln-Asn) in place of the first two amino acids of 
the mature ChiA protein (Ala- Ala) (see Fig. 1). 
This fusion protein was also expressed in plant 
cells by transformation with the binary plasmid 
pPRSSChiA. At least 10 independent transfor- 
mants were prepared for each of the construc- 
tions pChiA, pChiA-M and pPRSSChiA, then 2 
plants from each group were selected for subse- 
quent comparative analyses. The representative 
plants were chosen so that the transformants ear- 
ning the different chiA genes each were express- 
ing similar steady-state chiA mRNA levels and 

ChiA protein. 

Immunoblots ofleaf proteins isolated from two 
plants transformed with pChiA show multiple 
bands (Fig. 2, lanes 2 and 3), the most prominent 
of which comigrates with ChiA protein expressed 
in Escherichia coli (Fig. 2, lane 1). We have pre- 
viously shown that the most prominent species is 
an intracellular form, and the fainter bands of 
higher molecular weight are glycosylated, secreted 
forms of ChiA [ 12]. Immunoblots of protein from 
two plants transformed with pChiA-M (Fig. 2, 
lanes 6 and 7) show a single band which comi- 
grates with ChiA from E. coli; no species of higher 
molecular weight can be detected, which indicates 
that glycosylate of ChiA does not occur when 
it is expressed without a signal sequence. Immu- 
noblot analysis of leaf extracts from plants trans- 
formed with pPRSSChiA shows that, in contrast 
to those transformed with pChiA, all of the cross- 



pChiA 



pChiA-M 



MAK FNKP L L A LLIGSTLCSA AQaIaPGKPT 



MAAPGKPT 



PPRSSChiA MGF L L F SQMP SFFLVSTLLL FL I I SHSSHA ONPGKPT 
I. Deduced amino acid sequences of .he deteuon and fusion ^^^^^^^J^^Z^W^ 
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Fig. 2. Immunoblot with ChiA antibody to the total leaf pro- 
tein (100 tig) from individual tobacco plants transformed with 
ChiA derivatives. Lane 1: ChiA from E. coli (200 ng); lanes 2 
and 3: pChiA (ChiA signal sequence): lanes 4 of 5: pPRSS- 
ChiA (PR I signal sequence): lanes 6 and 7; pChiA-M (no 
signal sequence). 



reacting protein is in a position corresponding to 
the glycosylated forms of ChiA (Fig. 2, lanes 4 

and 5). - 

We assayed the level of secretion of ChiA from 
these different transgenic plant cells by analyzing 
the media from plant cell suspension cultures and 
by comparing the profiles of protein extracts from 
leaf protoplasts and corresponding whole leaves. 
We have shown that these approaches give con- 
sistent results and correctly demonstrate secre- 
tion of the PR lb secreted tobacco protein (un- 
published data). The culture fluid from suspension 
cultures established from individual plants trans- 
formed with pChiA, pChiA-M or pPRSSChiaA, 
was analyzed by immunoblotting (Fig. 3). There 
is little or no ChiA protein in the medium from the 
pChiA-M transformed cells (lanes 4 and 5), and 
high levels of ChiA in the medium from the 
pPRSSChiA or pChiA transformed cells (lanes 2, 
3, 6 and 7). Furthermore the ChiA which is 
present in the culture medium from pPRSSChiA 
and pChiA transform ants is the higher-molecular- 
weight glycosylated form. The faint band seen in 
lanes 4 and 5, which comigrates with the bacte- 
rial standard (lane 1), probably corresponds to 
non-glycosylated non-secreted ChiA which is in 
the culture fluid as a consequence of cell death. 
These data from the analysis of suspension cul- 
ture media suggest that in the absence of any 
signal sequence (pChiA-M) the ChiA which is 



1 23 4 5 6 7 q 




Fig. S. Immunoblot with ChiA antibody to protein isolated 
from suspension culture medium. Lane 1: ChiA protein fron 
£. coli (200 ng); lanes 2 and 3: medium from pPRSSChiA 
cells; lanes 4 and 5: medium from pChiA-M cells; lanes 6 ant 
7: medium from pChiA cells (lanes 2-7 each contain proteu 
extracted from 1 ml culture medium); lane 8: 100 jig leaf pro 
tcin from ChiA plant. 

expressed is not secreted. In the presence of 
signal sequence, either the ChiA signal (pChiA 
or the PRlb signal (pPRSSChiA), ChiA protei 
is glycosylated and secreted. The observation th; 
higher levels of ChiA protein appear in the m 
dium from pPRSSChiA transformants (Fig. 
lanes 2, 3) than from pChiA transforraan 
(Fig. 3, lanes 6, 7) suggests that secretion is mo 
efficient when the PRlb signal is fused to Chi 
Since secreted proteins will be present in 1c 
tissues extracts but absent from washed proi 
plasts, we have compared these tissues from t 
transgenic plants to further determine whetl 
secretion is occurring. The results from typi< 
experiments comparing these two tissues : 
shown in Fig. 4, In the total leaf extract fron 
plant transformed with pCHiA (lane 7), differ 
molecular weight forms of the ChiA protein < 
be seen which correspond to glycosylated (upf 
and non-glycosylated (lower) forms of the r. 
tein. In washed protoplasts of these plants, c 
the non-glycosylated (lower) form of ChiA is s 
(lane 6), which is consistent with our above re 
indicating that the glycosylated higher-molecu 
weight forms are secreted from plant cells 
plants transformed with pChiA-M, the pre 
profiles of washed protoplasts (lane 2) and I 
leaf extract (lane 3) are identical and corresp 
to the £. coli standard (lane 1), indicating 
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fig. 4. Immunoblot of protein from leaf or from washed pro- 
toplasts. Lane 1: Chi A from £. coli (200 rig); lanes 2 and 3: 
pChiA-M; lanes 4 and 5: pPRSSChiA; lanes 6 and 7: pChiA. 
Lanes 2, 4 and 6 are from protoplasts; lanes 3, 5 and 7 are 
from leaf. Lanes 2 to 7 each contain 100 y.% total protein. 

glycosylation has not taken place and that little or 
no secretion is occurring. The profiles from 
washed protoplasts and total leaf extracts of 
pPRSSChiA transform ants are shown in lanes 4 
and 5 4 and in this case the ChiA protein is present 
solely as a higher-molecular-weight form, none of 
which is detected inside washed protoplasts. 
These data comparing proteins from protoplasts 
and total leaf extracts confirm that secreted and 
glycosylated forms of ChiA protein occur only if 
a signal sequence is attached, and if the PR lb 
signal sequence is used then all of the ChiA pro- 
tein is secreted and glycosylated. 

There are four consensus N-glycosylation sites 
(Asn-X-Ser/Thr) in the predicted ChiA protein 
sequence. We constructed a derivative of the 
chiA gene where all four sites were 'inactivated' 
by altering the last codon in the consensus site to 
Ala. To express the mutant ChiA proteins in 
plant cells, the binary plasmids pChiA-G and 
pPRSSChiA-G were used to produce trans- 
formed tobacco plants. RNA and protein analy- 
sis was used to identify plants expressing high 
levels of the mutant ChiA proteins. (We noted 
that expression at both the RNA and protein level 
*as generally significantly higher for plants trans- 
formed with pPRSSChiA-G than pChiA-G.) 

We compared the protein profile in washed 
Protoplasts with that in total leaf extracts from 
PChiA-G and pPRSSChiA-G transformants 
5). The ChiA protein in all plant extracts 
c o-migrated with the mature ChiA protein as pu- 
n ^ e d from bacteria, as would be predicted if no 



Fig. 5. Immunoblot of protein from protoplast and leaf ex- 
tracts from plants expressing ChiA lacking glycosylation site*. 
Lane 1: £. colt ChiA (150 ng); lanes 2 and 3: pChiA-G; lanes 4 
and 5: pPRSSChiA -G. Lanes 2 to 5 each contain 50 /ig total 
protein; lanes 2 and 4 are leaf extracts, lanes 3 and 5 are 
protoplast extracts. 

glycosylation were occurring. In pChiA-G trans- 
formants, the intensity of the ChiA band was 
greater in total leaf extract (lane 2) than in proto- 
plast extracts (lane 3), suggesting that, as with the 
wild-type protein, secretion of ChiA does occur 
but not all of the ChiA is being secreted from the 
cells. In pPRSSChiA-G transformants, a trace of 
ChiA was detected in the protoplast extracts 
(lane 5) in contrast to the very high levels in total 
extract from leaf (lane 4)» indicating that most or 
all of the unglycosylated ChiA protein is being 
secreted. 



Discussion 

We have investigated the secretion of the bacte- 
rial ChiA protein from plant cells. We had pre- 
viously demonstrated that ChiA fused to the bac- 
terial signal sequence is inefficiently secreted by 
plant cells. Here we show that the ChiA protein 
is fully secreted when the signal sequence derived 
from the tobacco PR lb protein is fused to the 
ChiA mature protein and secretion does not occur 
in the absence of a signal sequence. The lack of 
secretion in the absence of a signal sequence is 
expected, given the role of signal sequences in 
mediating targeting of proteins to the lumen of the 
endoplasmic reticulum in eukaryotic cells [16]. 



i 
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The fact that no detectable glycosylate of ChiA 
occurs in the absence of a signal sequence is also 
expected, since the initial transfer 
proteins occurs as the proteins cross the ER 

m ^e r mo e s[lLlv explanation for the improved 
efficiency of ChiA secretion in P*RSSChiA 
transformants is that the possessxon of a plant 
signal sequence improves the ability of the ChiA 
protein to enter the secretory pathway of the plant 
cells in which it is expressed. An alternative ex- 
planation is that the mature ChiA peptides aris- 
ing from pChiA- and pPRSSChiA-transformed 
plants differ in the two N-terminal amino acids, 
and this difference could alter the mature protem 
so that it would behave differently in the plant 
secretory pathway. While this explanation cannot 
be ruled out, we believe it to be less likely, as we 
have not detected any significant differences in 
the physical or etymological properties of" the 
ChiA expressed with a bacterial or a plant signal 
sequence. (The precise point of cleavage of the 
signal sequences when expressed in plant cells 
remains to be determined.) 

Signal sequences show considerable degener- 
acy so that even random peptide sequences can 
function as signal sequences [8]; however, signif- 
icant differences between prokaryotic and eukary- 
otic signal sequences are revealed when large 
numbers of sequences are analyzed statistically 
[23] These differences may be reflected in the 
ability of signal sequences to function efficiently 
in heterologous hosts. There are reports where 
the use of a signal sequence native to the organ- 
ism in which the protein is being expressed can 
enhance the secretion of a heterologous protein 
[1 2 19] and others where more efficient secre- 
tion of a foreign protein is seen when it possesses 
its own signal sequence rather than one derived 
from the organism in which it is expressed 
f2 19] Determines which features of the PKlb 
N-terminus are relevant in mediating the efficient 
secretion of ChiA from plant cells would be an 
interesting area for further study. 

The fact that ChiA is apparently completely 
located outside the cell when expressed with a 
plant signal sequence may be taken as further 



evidence that the pathway for secretion m plant ; 
cells is a default pathway, requiring no positive 
sorting information other than the possession of 
afunctional signal sequence. Thus it seems likely 
that many other proteins could also be engineered 
to be plant secretory' proteins. In support of this, 
Denecke et of. [3] have recently shown that three 
normally cytoplasmic proteins can be secreted 
from plant cells by the attachment of a suitable 
signal sequence. 

Glycan side-chains attached to proteins prob- 
ably have multiple roles [14]; it has often been 
observed that prevention of glycosylation also 
prevents the secretion of the altered protein. 
Sometimes this can be attributed to decreased 
stability of the altered protein to proteases [4, 14], 
or to aggregation of the protein [5]. There are also 
cases where the non-glycosylated forms of the 
protein are secreted as efficiently as are the gly- 
cosylated forms [ 10, 18]. Thus the role of glycans 
in intracellular targeting is not simple and cannot 
be generalized. The likelihood of a direct role for 
glycan residues in some aspect of protein target- 
ing in eukaryotic cells (for example, by interact- 
ing with a receptor as opposed to simply chang- 
ing the physical properties of the protein) seems 
remote. Only in the case of lysosome is targeting 
mediated by mannose-6-phosphate residues 121]. 
The results presented in this paper demonstrate 
clearly that the efficiency with which ChiA can be 
secreted by plant cells is not influenced by the 
extent to which it is glycosylated. 



Acknowledgements 

We thank Eva Penzes, Paul Zankowski and Jefl 
Townsend for plant transformations; Rino Lee 
for expert technical assistance. This research was 
partly funded by NSF-SBIR Grant ISI-8701346 

References 

1. Chang CN, Matteucci M. Perry U, Wulf JJ, Chen 0 
Hitzcman RA: Saccharomyces c*revisiae secretes and co. 
rectly processes human interferon hybrid proteins co 
taining yeast invertase signal peptides. Mot Cell Biol 
1812-1819(1986). 



53 



2. Cramer JH. Lea K. Schaber MD; Kramer RA: Signal 
peptide specificity in posttranslational processing of the 
plant protein phaseolin in Saccharomyces cerevisiae. Mot 
Cell Biol 7: 121-128 (I9S"). 

3. Denecke J, Botterman J. Deblaere R: Protein secretion in 
plant cells can occur via a default pathway. Plant Cell 2: 
51-59(1990). 

4. Faye L, Chrispeels MJ: Apparent inhibition of 
fructosidase secretion by tunicamycin may be explained 
by breakdown of the unelycosylated protein during se- 
creuon. Plant Physiol 89: S45-851 (1989). 

5. Gibson R, Schlesinger S. Kornfeld S: The non-glycosy- 
lated glycoprotein in vesicular stomatitis virus is temper- 
ature-sensitive and undergoes intracellular aggregation at 
elevated temperatures. J Biol Chem 254: 3600-3607 
(1979). 

6. Harpster MH, Townsend J A, Jones JDG, Bed brook J, 
Dunsmuir P: Relative strengths of the 35S califlower mo- 
saic virus, 1\ 2\ and nopaline synthase promoters in 
transformed tobacco, sugarbeet and oilseed rape callus 
tissue. Mol Gen Genet 111: 182-190 (1988). 

7. Jones JDG, Grady KL, Susiow TV, Bedbrook J: Isola- 
tion and characterization of genes encoding two chitinase 
enzymes from Serratia marcescens. EMBO J 5: 467-473 

(1986) . 

8. Kaiser CA, Preuss D. Grisafi P, Botstein D: Many ran- 
dom sequences functionally replace the secretion signal 
sequence of yeast invertase. Science 235: 312-317(1987). 

9. Kornfeld R, Kornfeld S: Assembly of asparagine-linkcd 
oligosaccharides. Annu Rev Biochem 54: 631-664 (1985). 

10. Kukuruzinska MA, Bergh NILE, Jackson BJ: Protein 
glycosylauon in yeast. Annu Rev Biochem 56: 915-944 

(1987) . 

11. Kunkel TA: Rapid and efficient site-specific mutagenesis 
without phenotypic selection. Proc Natl Acad Sci USA 
82: 488-492 (1985). 

12. Lund P, Lee RY T Dunsmuir P: Bacterial chitinase is mod- 
ified and secreted in transgenic tobacco. Plant Physiol 91: 
130-135 (1989). 



13. Maniatis T, Frit sen EF, Sambrook J : Molecular Cloning: 
A Laboratory Manual. Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor. NY (1982). 

14. Olden K, Bernard BA, Humphries MJ. Yeo T-K, Yeo 
K-T, White SL. Newton SA. Bauer HC, Parent JB: 
Function of glycoprotein glycans. Trends Biochem Sci 
10:78-80(1985). 

15. Randall LL T Hardy SJS, Thorn JR: Export of protein: a 
biochemical view. Annu Rev Microbiol 41: 507-541 
(1987). 

16. Rothman JE: Protein sorting by selective retention in the 
endoplasmic reticulum of the Golgi stack. Cell 50: 521- 
522 (1987). 

17. Sanger F, Nicklen S, Coulson AR: DN A sequencing with 
chain terminating inhibitors. Proc Natl Acad Sci USA 74: 
5463-5467 (1977). 

IS. Sidman C: Differing requirements for glycosylation in the 
secretion of related glycoproteins is determined neither by 
the producing cell nor by the relative number of oligosac- 
charide units! J Biol Chem 256: 9374-9376 (1981). 

19. Smith RA. Duncan MJ, Moir DT: Heterologous protein 
secretion from yeast. Science 229: 1219-1224 (1985). 

20. Talmadgc K. Kaufman J, Gilbert W: Bacteria mature 
preproinsulin to insulin. Proc Natl Acad Sci USA 77: 
3988-3992(1980). 

21. von Figura K, Hasilik A: Lysosomal enzymes and their 
receptors. Annu Rev Biochem 55: 167-193 (1986). 

22. von Heijne G: Analysis of the distribution of charged 
residues in the N-terminal region of signal sequences: 
implications for protein export in prokaryotic and eiikary- 
otic cells. EMBO J 3: 23 15-231S ( 1984). 

23. von Heijne G. Abrahmsen L: Species- specific variation in 
signal peptide design. FEBS Lett 244: 439-446 (1989). 

24. Wiedmann M, Huth A, Rapoport TA: Xenopus oocytes 
can secrete bacterial /^-lactamase. Nature 309: 637-639 
(1984). 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 



Qd BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

l&'cOLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 



Defects in the images include but are not limited to the items checked: 




